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This  report  summarizes  work  done  during  the  first  year  of  ^  program  entitled 
"Research  on  Mercury  Cadmium  Telluride".  'Progress  on  the  proposed  tasks  is  described, 
together  with  a  review  of  accomplishments.  These  include  the  design  of  a  new  epitaxial 
reactor,  the  growth  of  high  quality  CdTe  and  HgCdTe  on  both  GaAs  and  CdTe  substrates, 
and  the  development  of  a  comprehensive  theory  for  the  growth  of  CdTe  in  0MCYD  systems. 


This  work  was  supported  by  the  Defense  Advanced  Research  Projects  Agency,  and 
administered  through  the  Office  of  Naval  Research.  Principal  authors  are  S.K.  Ghandhi, 
1.3.  3 hat ,  and  N.R.  Taskar.  •  -  *- 


20  0IS7  a,  0oT 'CN  AviiLABlL  T  .  3  F  ABST3.lt 
UNC  L  ASS  I  F  I  e  O  S'.  SAVt  AS  a*>T 


21  abstract  SECuRitv  CwASS.f -CAT^N  ^ 


Vnc lass i i iec 


22a  NAME  OF  RESPONSIBLE  -NCimOuA, 


' 2fc  TE'  'o*-CNE  NuMBt« 

/ n oudr  1  'i’o  *  .  >«!•* 


5 18-2 6b -60S 5 


ce  s  v  MBOnl 


if  ui  asS*f  CA”  ON  ;p  s  p  age 


|  fihandhi,  Sorab  K. 

DD  FORM  1473,  83  APR 


EDITION  OF  1  v A N  73  S  OBSOLETE 


APPROVED  FOR  PUBLIC  RELEASE:  DISTRIBUTION  UNLIMITED 


ANNUAL  LETTER  REPORT  (YEAR  I) 

(Feb.  15,  1985  -  Feb.  14,  1986) 
enti tl ed 

RESEARCH  ON  MERCURY  CADMIUM  TELLURIDE 
prepared  for  the 

Defense  Advanced  Research  Projects  Agency 
SFR  Contract  No.:  NOOOl 4-35-K-01 51 
and  administered  by  the 
Office  of  Naval  Research 


S.K.  Ghandhi 


Principal  Investigator 


Electrical,  Conouter,  and  Systems  Engineering  Department 


Rensselaer  Polytechnic  Instiute 


'roy.  New  York  12180 


SK/36 . 2'J 


r  * ' 


\  s 


X 


si  • 


J  U  U  J  1 

A 


’av 


1  5:6 


ABSTRACT 


This  report  summarizes  work  done  during  the  first  year  of  a  program 
entitled*  "Research  on  Mercury  Cadmium  Telluride".  Progress  on  the  proposed 
tasks  is  outlined  here*  together  with  a  review  of  our  accomplishments. 
These  tasks  include  the  design  of  a  new  epitaxial  reactor*  the  growth  of 
high  quality  CdTe  and  HgCdTe  on  both  GaAs  and  CdTe  substrates*  and  the 
development  of  a  comprehensive  theory  for  the  growth  of  CdTe  in  OMCVD 
systems. 

A  number  of  papers  have  been  submitted  on  our  work.  These  are  attached 
as  Appendices  to  this  report. 
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INTRODUCTION 


The  goal  of  this  program  is  to  conduct  research  on  Mercury  Cadmium 
Telluride  and  related  compounds.  Its  emphasis  is  on  the  growth  and  charac¬ 
terization  of  thin  films  of  these  materials  by  means  of  Organometall 1c  Vapor 
Phase  Epitaxy.  This  report  outlines  tasks  proposed  and  the  accomplishments 
during  the  first  year. 

WORK  ACCOMPLISHED  DURING  THE  FIRST  YEAR 
Reactor  Upgrade: 

An  existing  epitaxial  reactor  was  adapted  to  meet  the  special  research 
needs  of  this  program,  during  the  early  months  of  our  effort.  Specifically, 
one  mass  flow  controller  channel  was  installed  for  the  cadmium  source,  and  a 
new  graphite  susceptor  was  designed  and  incorporated  into  the  reactor.  In 
addition,  many  of  the  lines  were  removed  and  replaced  with  new  plumbing. 
Since  that  time,  u  total  of  250  runs  of  CdTe  and  MCT  have  been  made  on  this 
system. 

A  new  reaction  chamber,  with  a  simplified  loading  system,  has  also  been 
designed  and  fabricated.  This  has  not  as  yet  been  installed  on  the  system, 
because  of  the  down  time  entailed  by  this  process. 

A  new  reactor,  capable  of  large  area  slices,  was  designed  and  com¬ 
ponents  ordered  for  it.  Construction  of  this  system  is  well  in  hand,  and  is 
about  10  months  ahead  of  schedule.  At  the  present  time,  we  are  held  up  on 
its  completion  by  delays  in  the  delivery  of  the  quartz  reaction  chamber  and 
the  reactor  loading  system  This  system  is  an  all  welded  unit,  with  VCR 
fittings  and  mass  flow  controllers  on  all  its  channels.  Operation  at  pres¬ 
sures  from  1  atm  to  0.1  atm  will  be  possible  under  closed  loop  control. 
Eoth  manual  and  full  computer  control  have  been  incorporated  into  this 


machine.  The  initial  software  for  running  this  system  has  been  written; 
however*  additional  refinements  will  be  made  once  the  system  is  operational. 

Work  was  initiated  on  the  growth  of  MCT  on  InSb  substrates  as  well  as 
on  a  GaAs  substrates.  Our  early  results  showed  that  the  use  of  InSb  would 
result  in  massive  doping  by  out-diffusion  from  the  substrate,  so  the  effort 
was  shifted  to  the  growth  of  MCT  on  GaAs.  Here,  we  first  grew  CdTe  on  GaAs, 
and  established  that  It  was  of  sufficient  quality  to  growth  subsequent  high 
quality  epitaxial  layers  of  MCT.  Layers  of  this  type  were  grown  for  a 
series  of  CdTe  buffer  layer  thicknesses  and  MCT  compositions.  Our  findings 
are  that: 

a)  For  all  compositions,  the  layers  were  n-type.  The  mobility  of  these 

layers  increased  with  increasing  buffer  layers  thickness,  but  reached  a 

limit  for  CdTe  layer  thicknesses  in  excess  of  2.5  microns. 

b)  Experiments  on  CdTe  layers  grown  at  350°C  and  heat  treated  to  simulate 
the  subsequent  growth  of  MCT  (415°C  for  75  min)  have  shown  very  little 
out  diffusion  of  gallium  into  the  CdTe.  These  experiments  have  in¬ 
volved  measurements  of  the  breakdown  voltage  of  p-n  diode4s  on  the  CdTe 
layer,  and  SIMS  profiling.  We  conclude  that  the  n-type  behavior  is 
primarily  due  to  defects  in  MCT  layers  grown  with  their  buffers,  and 

not  from  gallium  out  diffusion. 

2 

c)  A  mobility  of  250,000  cm  /V-sec  was  obtainec  at  77K  in  a  number  of 

layers  with  x  =  0.2,  for  CdTe  buifer  layers  of  2.5  microns.  Buffer 

layers,  1000  8  thick,  resulted  in  mobilities  around  10,000  cm^/Vsec. 
The  direct  growth  of  MCT  on  GaAs  was  also  tried.  However,  this  was 
discontinued  after  a  few  runs,  because  of  the  poor  layer  quality 
resulting  from  this  approach. 


d)  A  composition  accuracy  of  ±  5%  was  obtained  over  samples  1.5  cm  >  1.5 
cm  in  size.  This  is  certainly  a  problem  area,  because  of  the  small 
reaction  chamber  (50  min  ID)  in  which  layer  growth  is  carried  out. 
Work  with  larger  samples  is  planned  once  the  new  reactor  cones  on 
stream. 

A  detailed  study  has  been  made  to  determine  the  reaction  mechanisms  for 
the  growth  of  CdTe.  This  study  involved  growth  on  a  variety  of  substrates 
(CdTe,  InSb,  GaAs  and  Al^O^)  in  addition  to  an  extensive  study  cf  the 
results  of  other  workers.  In  this  work,  we  have  shown  that  it  is  possible 
to  grow  CdTe  from  elemental  cadmium  and  DETe»  at  temperatures  as  low  as 
230°C.  Thus,  there  is  no  a  priori  reason  to  postulate  the  formation  of  a 
DMCd-DETe  adduct  to  accomplish  this  low  temperature  growth.  In  addition, 
our  experiments  indicate  that  CdTe  growth  begins  by  the  hterogeneous  decom¬ 
position  of  DMCd  to  cadmium,  which  is  chemisorbed  on  the  surface.  This 
process  is  the  rate  limiter  in  the  growth  of  CdTe,  and  also  in  the  growth  of 
ether  cadmium  compounds  (CdS,  CdSe)  from  alkyl  source  materials. 

Experiments  in  the  growth  of  HgCdTe  on  CdTe  have  been  focussed  cn  HgTe 
layers,  since  this  is  the  most  difficult  component  tc  grow.  Layers  of 
considerably  improved  morphology  are  now  being  grown,  by  paying  careful 
attention  to  the  establishment  of  the  proper  pre-growth  conditions,  and  to 
the  arrival  rates  of  the  respective  Hg  and  Te  species. 

Sample  evaluation  is  presently  carried  out  by  the  measurement  of  Hall 
effect  tc  1CK,  and  by  IR  transmission.  In  addition,  photo!  urn  1  rescerce  is 
being  extensively  used  on  CdTe  layers  grown  on  this  program.  Seme  SIN'S 
analyses  of  the  grown  layers  has  been  undertaken  as  well,  through  colleagues 
at  the  General  Electric  Company. 


Cout 1  e  crj'tts'  ‘-ra,  '  •'  ff  r  ac  tumeter  system  has  been  ordered  on  another 
f  r  o:j  r  dr.  T  -  ■  a '  o  :<■  u  >..oc  tc  evaluate  our  material,  once  it  is 

*  rii  ta’-  '  ’  ■  : . 

;  £  i  l  t  <  ,  ;  f.  £■;•_’  A  T  ■  *t  '■ 

.  *  ;  a;  .-r  ,  t  at  t  d  cn  our  work,  have  been  submitted  to  the 
j  ■  -  r  r  a  1  ■.  .  Ti-ese  are  listed,  together  with  their  current 
:  jT  .  .  >  -i  i  :  presentations  on  this  work  have  been  made  to  DARPA  and 

- '  ..  at  ;  '•‘.renal  society  meetings.  Full  length  versions  of  the  papers 
j'v  attached  as  an  Appendix  to  this  report. 
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WORK  PLANNED  FOR  THE  SECOND  YEAR 

A  major  task  of  the  second  year  will  be  the  completion  of  the  new  epi- 
reactor,  and  bringing  it  into  full  operation.  Here,  the  emphasis  will  be  on 
learning  to  use  this  machine,  and  in  adjusting  system  parameters  for 
suitable  growth.  In  addition,  we  expect  continuing  work  on  all  phases  of 
the  growth  and  evaluation  studies. 

A  second  important  area  is  the  fabrication  and  evaluation  of  cevice 
structures  made  on  these  materials.  The  fabrication  of  these  structures,  as 
well  as  the  cevelopment  of  test  methods,  will  be  investigated.  An  addi¬ 
tional  student  has  been  hired  to  work  full  time  on  this  aspect  of  the 
program. 

New  analytical  methods  will  also  be  explored/  with  this  in  mind,  a 
doutle  crystal  X-ray  diffractometer  system  has  been  placed  cn  order  Con 
another  program).  This  will  be  used  to  evaluate  our  material  once  it  is  in 
operat i on . 

Finally,  new  avenues  of  research  will  be  explore c  when  and  if  the 
opportunity  arises.  In  cur  opinion,  an  important  feature  of  this  program  is 
the  flexibility  provided  to  do  sc,  if  they  appear  rrc/'i  s  i  . 
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We  report  on  the  growth  and  characterization  of  HgCdTe  epdayers  grown  by  metalorganic 
vapor-phase  epitaxy  The  transport  properties  indicate  that  it  is  possible  to  grow  epilayers  with 
mobilities  comparable  to  those  of  the  best  bulk-grown  materials.  Electrolyte  electroreflectance 
studies  have  yielded  depth  profiles  for  the  alloy  composition,  the  strains,  and  the  density  of 
polarizable  defects.  These  latter  results  indicate  very  clearly  that  the  interface  alloy/substrate  is 
very  sharp  and  does  not  extend  over  more  than  2000  A.  Moreover,  in  the  bulk  of  the  epilayers  the 
strains  are  low  and  comparable  to  those  found  in  high-quality  bulk  single  crystals. 


INTRODUCTION 

1 1  has  been  found  historically  in  the  growth  of  111- V  mate¬ 
rials  that  epitaxial  growth  techniques  have  been  able  to  im¬ 
prove  on  the  main  bulk,  single-crystal  growth  technique, 
which  is  liquid-encapsulated  Czochralski  LEC  Although 
the  first  epitaxial  approach  was  liquid-phase  epitaxy  LPEs 
metalorganic  vapor-phase  epitaxy  MOVPE,.  and  molecu¬ 
lar-beam  epitaxy  MBEi  now  vie  for  dominance  of  the  field 

Such,  however,  has  not  been  the  case  for  the  growth  of 
Hg,  ,  Cd,  Te.  for  which  L PE  has  remained  a  relatively  poor 
second  to  the  two  main  bulk  single-crystal  growth  tech¬ 
niques,  w  hich  are  solid-state  recry stallization  and  modified 
Bridgman  It  is  only  very  recently^  that  LPE  growth  on  Zn- 
doped  CdTe  substrates  has  given  indications  of  real  progress 
and  of  the  possibility  of  reaching  bulk  quality,  an  outcome 
which  is  still  in  the  future  It  was  therefore  most  reasonable 
to  attempt  the  exploration  of  MOVPE  growth.  The  pioneer¬ 
ing  work  of  J  B  Mullin  era/.'  met  with  limited  success  in 
producing  materials  with  acceptable  mobilities.  Secondary 
on  mass  spectroscopy  studies1 '  seemed  to  indicate  that  at 
.east  part  of  the  difficulty  resulted  from  residual  impurities. 

Meanwhile.)  P  Fauneer  j/ .’’in  a  remarkably  fast  devel¬ 
opment.  produced  MBE  materials  exhibiting  transport 
properties  competitive  with  those  of  the  best  bulk  single 
crystals  In  fact,  they  went  even  further  and  prepared  the 
first  Tue"  1 1  -  V I  superlattices.  This  latter  accomplishment 
implied  the  existence  of  very  sharp  interfaces  between  CdTe 
and  HgTe.  a  fact  which  has  now  been  confirmed  ■ 

More  recently .  some  of  us'  ’  ha v  e  reported  on  new  and 
most  encouraging  developments  in  the  MOVPE  growth  't 
HgTe  and  Hg  Cd ,  Te  epilayers  We  report  here  for  ’he 
first  ".me  transport  and  electrolyte  electroreflectance  I  ER 
resuits  which  show  that  .MOVPE  materials  can  now  ue 
grown  with  properties  very  close  to  those  reported  for  ‘sulk 
or  MBE  materials. 

EXPERIMENT 

A.  Growth  procedure 

The  epitaxial  growth  technique  has  been  reported  in  an 
earlier  paper,  and  wiil  miv  be  briefly  summarized  here 


Epitaxial  MCT  was  grown  at  atmospheric  pressure  in  a 
quartz  horizontal  reactor  tube  using  hydrogen  as  the  earner 
gas.  Mercury  vapor  was  transported  to  the  reaction  zone  by 
passing  hydrogen  over  heated  mercury.  Diethyltellunde 
DETe;  and  dimethy  Icadmium  i  DMCdl  obtained  from  Alfa 
Products,  Danvers.  MA..  were  used  as  metalorganic  sources 
of  Te  and  Cd.  respectively.  These  were  introduced  in  vapor 
form  by  bubbling  hydrogen  through  the  respective  bubblers, 
which  were  held  at  1 5  ’C.  Grow th  was  earned  out  on  an  rf- 
heated  graphite  susceptor  held  at  415  °C  In  addition,  the 
tube  wall  in  front  of  the  susceptor  was  heated  by  a  separate 
resistance  heater  o  prevent  mercury  condensation. 

The  substrates  used  for  epitaxial  deposition  were  i  lOOl 
oriented  5°  tow  irds  I  lOi  CdTe  wafers.  These  were  de¬ 
greased  in  organ:,  solvents  and  etched  in  a  2G-  Br-methanol 
solution  This  treatment  resulted  in  a  highly  polished  sur¬ 
face. 

Growth  was  carried  out  with  a  total  hydrogen  flow  of  1 1  ■ 
min.  a  DETe  partial  pressure  of  about  2.5  •  10  1  atm,  a 
DMCd  pressure  of  about  •  10  ‘  atm.  and  a  mercury  par¬ 
tial  pressure  of  0. 04  atm.  T  he  composition  of  the  lay  ers  was 
controlled  by  changing  the  partial  pressure  of  the  DMCd 
and  DETe  This  was  achiev  ed  by  changing  the  flow  ot’hy  dro- 
gen  in  the  appropriate  bubblers  Growth  was  terminated  bv 
shutting  otf  the  Cd  and  Te  sources  and  cooling  down  to 
150  'C  in  mercury  vapor  The  flow  of  mercury  vapor  in  the 
reactor  was  then  terminated  and  the  layer  brought  down  to 
room  temperature 
B,  Transport  measurements 

Hail  and  resistivity  measurements  were  made  as  a  func¬ 
tion  of  temperature  -y  means  of  the  Van  der  Pauw  method, 
with  a  magnetic  tie  d  'trench  't  2  1  kVa  A  cover-shaped 
pattern  was  delineated  '  r  '.h;s  purpose,  and  contacts  were 
made  using  stiver  epoxy  N.>  alloying  of  the  contacts  was 
necessary  :n  order  to  obtain  good  ohmic  contact 

We  show  in  Fig  1  the  Hall  mobiiuy  versus  temperature 
data  for  one  of  the  samples  f  nominal  Cd  concentration 
v  ')  1°  The  maximum  value  of  the  mobility  is  of  the  order 
■  ■  10'enr  V  sec  tor  this  sample  and  occurs  at  about  m)  K, 
below  which  the  moriiity  fails,  indicating  that  impurity  cat- 
term.:  dominates  in  this  reeion 


FIG  1  Mobility  vs  temperature  for  a  Hg.mCd^.^Tc  layer  grown  on  a 
CdTe  substrate. 

We  show  in  Fig.  2  the  Hall  coefficient \RH  =  1/nqi  ver¬ 
sus  temperature.  Classical  tt-type  behavior  is  observed  down 
to  1 1  *K,  with  no  earner  freeze  out  and  an  extrinsic  RH  value 
of  3670  cm’/C.  This  corresponds  to  n-type  conduction  with 
a  earner  concentration  of  1.7  x  10lS  cm  '  \  The  RH  value  is 
constant  below  50  "K.  in  the  extnnsic  region.  No  change  in 
the  Rh  value  was  observed  when  the  magnetic  field  was  in¬ 
creased  to  4.5  kG,  indicating  that  p-type  conduction  is  negli¬ 
gible. 

Transport  measurements  were  made  on  many  samples 
grown  under  identical  growth  conditions,  and  we  have  con¬ 
sistently  observed  mobilities  in  excess  of  2  x  105  cmVV  sec 
for  EER  measured  x  values  of  0.2  at  77  ’K. 


i  2!  - !  50- 


FIG  2  Hall  coefficient  vs  temperature  for  the  layer  of  FIG  1 


C.  EER  results 

EER  has  been  used  extensively  to  study  the  variations  in 
composition  laterally11  and  in  depth1  of  pseudobinary  alloys 
and  in  particular  Hg,  ^Cd^Te.  More  recently  we  have 
shown2  that  EER  can  be  used  to  study  defects  in  semicon¬ 
ductors  because  the  modulating  electric  field  E  couples  to 
the  two  main  categories  of  defects,  which  are  long-range 
strains  and  polarizable  defects.  These  interactions,  which 
had  been  considered  negligible  in  all  previous  theoretical 
treatments,  give  rise  to  two  additional  signals,  one  of  which 
is  proportional  to  a  first  derivative  and  the  other  to  a  second 
derivative  of  the  dielectric  function  with  respect  to  energy. 
The  experimental  EER  spectrum  is  then  a  linear  combina¬ 
tion  of  these  first-  and  second-derivative  line  shapes  with  the 
conventional  third-derivative  line  shape12  (TDLl. 

In  our  generalization  of  the  original  theory  of  Aspnes12 
we  introduced  the  effect  of  defect  scattering  in  the  same  way 
as  he  did  in  a  later  paper,u  following  the  work  of  Lukes  and 
Somaratna,14  who  first  introduced  the  quantity  cr  which 
measures  the  strength  of  defect-  and  impurity-induced  scat¬ 
tering.  Otherwise  we  followed  exactly  the  original  approach 
of  Aspnes,  except  that  we  did  not  neglect  terms  proportional 
to  the  small  shifts,  J£,  and  Act,  in  the  critical  energy  and  in 
cr.  In  particular,  we  made  the  same  low-field  expansion  as 
Aspnes  to  obtain  the  generalized  result, 

Ae.  =  dy/dEy 

+  6 Acrd'-/dEl  -  3J E.d/dE  ]£2et£i.  Ill 

for  the  contribution  of  the  yth  interband  transition  of  Ae, 
where  is  a  constant.  £  is  the  energy,  fiO,  is  the  average 
energy  gained  by  an  optically  excited  electron  from  the  field 
E  and  is  of  order  10  meV,  and  e(£  I  is  the  dielectric  function. 
Still  following  the  'riginai  treatment  and  making  a  parabol¬ 
ic-band  approximation,  we  found  for  the  three-dimensional 
critical  points  £,  and  £,  -  J,,  the  generalized  functional 
form  IGFF) 

L  i£  l  =  Cj  [i£f?.  1  'L  t£,5/2l  -  AAcrL 

X  !£,3/2)  —  4J£  £  i£, l/2i] .  iZl 

for  the  EER  line  shape,  where 

L  iE.n/ 21  =  cos  1 6.  —  n'P  /2i/[i£  —  £  l2  —  £ '  ] 1  4  =  £,. 

1 3 1 

with  r  being  a  phenomenological  broadening  parameter 
and  with  6.  =  tan  ~  1  [  £  /'£  —  £  .  i  ] .  Here,  C  and  6  have  a 
weak  dependence  on  energy,  which  is  easily  taken  into  ac¬ 
count  by  introducing  the  Seraphm  coefficients.  '  That  ener¬ 
gy  dependence  is,  however,  usually  ignored  because  the  eva¬ 
luation  of  the  Seraphin  coefficients  requires  an  independent 
knowledge  of  the  real  and  imaginary  parts  of  the  dielectric 
function  and  because  neglecting  it  only  affects  the  determin¬ 
ation  of  the  parameter  r)  ,  leaving  £  and  £  esventially  unaf¬ 
fected. 

It  is  apparent  that  the  GFF  reduces  to  the  conventional 
functional  form  for  the  TDL  upon  setting  J£  and  J  cr  equal 
to  zero,  with  £,  being  proportional  to  the  TDL.  For  n  =  1 
and  n  =  3.  £,  is  proportional  to  the  first  and  second  deriva¬ 
tives,  respectively,  of  the  same  linear  comoination  of  e,  and 
f.  as  occur  in  the  TDL.  It  is  clear  that  L  ,  and  L ,  have  qualita¬ 
tively  different  shapes  from  the  TDL  and  from  one  another 


2015 


J  Appl  Phys  .  Vol  57.  No  6.  1 5  Marcn  ' 985 


°accar  eui 


2015 


FIG  3  Fit  of  the  theory  to  the  EER  data  obtained  on  a  typical  MOVPE 
sample  after  removing  0.3  um.  This  e.xample  is  representative  of  aiJ  our 
results  on  MOVPE  samples  The  EER  signal  on  an  arbitrary  scale  is  dis- 
played  vs  photon  energy  m  eV  The  continuous  line  ts  computed  from  the 
theoretical  expression  and  the  values  of  the  parameters  are  listed  in  the  first 
line  of  Table  I. 


In  addition  to  allowing  the  determination  of  the  inter- 
band  transition  energy  £, ,  the  phase  6,  and  the  broadening 
parameter  Er  the  GFF  allows  the  determination  of  the  ra¬ 
tios  of  the  two  defect-related  quantities.  J £  .  and  J cr.  to 
r  =  e:E  the  average  energy  gained  by  the  opti¬ 

cally  excited  electrons  from  the  modulating  field  E.  One  of 
these  quantities  J£  results  primarily  from  the  electrostnc- 
tive  coupling  of  E  to  long-range  strains,  and  the  other  J  cr 
arises  from  the  polarization  of  charged  polarizable  defects, 
whereas  the  value  of  ftf!  is  independent  of  defects  and  is  very 
nearly  the  same  for  all  Hg,  ,Cd,Te  samples. 


TABLE  I  Profile  of  a  typical  Hg,  ,  Cd.Te  epilayer. 
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r  eVl 

TV'' 

m.  i* 

0  29 

2  202 

0  PS 
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0  1 79 

0  090 

1  5 

-  1  5 

0  49 

2  258 

0  P4 
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-  0  7 

-  18 

0  s 

2.268 

0  185 

0  093 

-  6  6 

-  1  3 

0  S3 

2.262 

0  PS 

0  082 

-  8  6 

-  2  0 

1  08 

2.268 

0  ! 85 

0.105 

-  15  2 

0  1 

1  28 

2.260 

0.176 

0.111 
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-  i  5 

1  5' 

2.2"5 
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- :  s 

-  1  5 

!  0  8 

2  2'6 

0  194 

0  096 

-  1  5 

-  1  2 

i 

2  233 

o  :o3 

0091 

-  0  2 

-  1  6 

: 

3  2«2 

i)  :oz 

0  101 

_  ;  < 

-  1  1 

3  2b 

2  29] 

0  213 

0  096 

1 3  3 

-  1  i 

2 

2  2'3 

0  197 

0  094 

-  2  3 

-  1  3 

2  4< 

2  236 

0  206 

3  09? 

-  ;  9 

-  1  ” 

'  << 

2  295 

0  217 

)  099 

-Oft 

-  1  1 

:  o3 

2  294 

0  216 

0  099 

-  4  0 

-  1  3 

:  *4 

2  341 

1  0 

0  077* 

104  5* 

0  3* 

:  94 

2  333 

1  0 

0  126 

-  15  3 

I  9 

••  !>♦ 

2  360 

1  0 

0  090 

-  103  0 

’  4 

3  14 

2  405 

1  0 

0  103 

2  5 

*  These  values  are  lesscertain  than  the  others  because  the  minimum  in  the  tit 
was  very  broad  m  this  case. 


We  have  carried  out  a  full  EER  study  of  several  MOVPE 
epilayers.  In  each  case  we  have  repeatedly  removed,  by  care¬ 
ful  etching,  approximately  1000  A  and  have  measured  the 
EER  spectrum  after  each  etch.  This  procedure,  which  was 
developed  and  reported  earlier,  allows  us  to  profile1  the 
properties  of  a  given  layer. 

DISCUSSION 

The  fit  of  the  theory  to  a  typical  spectrum  is  shown  in 
Fig.  3.  The  critical  points  at  E ,  and  £,  +  J ,  were  fit  simulta¬ 
neously.  We  also  summarize  in  Table  I  the  profile  of  a  typical 
epilayer.  The  effect  of  background  signals  due  to  the  long 
tails  of  the  first-derivative  L ,  line  shapes  from  other  critical 
points  was  taken  into  account  using  several  different  meth¬ 
ods,  with  the  different  methods  yielding  very  similar  results 
in  all  cases.  The  uncertainties  in  our  values  for  the  interband 
transition  energy  £,,  the  alloy  composition  x,  the  broaden¬ 
ing  parameter  £,  and  the  two  new  parameters  J£,/(fif2,)J 
and  Jcr/(Af?,)J  are  estimated  to  be  approximately  —  5 
meV,  ±0.006,  ±  3  meV,  ±7eV~:,  and  ±  0.5  eV_l,  re¬ 
spectively.  These  quantities  are  given  as  a  function  of  depth 
D  in  microns. 

There  are  three  main  regions  in  the  epilayer:  1 1 )  the  sur¬ 
face  region  down  approximately  1  5pm,  |2)  the  bulk,  extend¬ 
ing  approximately  over  the  next  1.3  /im,  and  1 3)  the  sub¬ 
strate,  where  the  alloy  composition  is  obviously  x  —  1. 

In  terms  of  these  regions,  three  main  features  are  con¬ 
spicuous  in  Table  I.  The  first  is  that  the  alloy  composition  x 
is  different  in  the  surface  region  than  in  the  bulk  of  the  layer. 
The  second  is  that  the  parameters  J£,  and  £  take  on  some¬ 
what  larger  values  in  the  transition  region  between  the  sur¬ 
face  region  and  the  bulk  of  the  layer.  Finally,  the  interface 
between  the  epilayer  and  the  substrate  is  quite  abrupt  and 
exhibits  dramatic  changes  in  the  values  of  £.  J  £,.  and  J  cr. 
Let  us  now  examine  these  features  in  more  detail,  beginning 
with  the  first. 

As  for  most  epilayers.  except  for  those  produced  by 
MBE,  the  value  of  the  alloy  composition  x  is  lower  near  the 
surface  than  in  the  bulk  of  the  layer  indicating  that  the  sur¬ 
face  is  rich  in  mercury.  This  is  due  here  to  the  fact  that  after 
interruption  of  grow  th  the  samples  must  be  cooled  from  the 
growth  temperature  of  about  400  °C  down  to  150’C  in  an 
overpressure  of  mercury  to  avoid  thermal  decomposition. 
Hence,  a  top  surface  enriched  in  mercury  is  to  be  expected 
and  results  from  in-diffusion  from  the  mercury  ambient. 

As  can  be  seen,  the  narrow  etching  steps  which  we  have 
used  have  allowed  us  to  determine  with  excellent  resolution 
that  the  depth  of  this  enriched  zone  is  1.5  um.  Given  the 
annealing  temperature  and  the  known  He  pressure  in  the 
reactor,  it  is  possible  to  estimate'*'  the  depth  of  mercury  dif¬ 
fusion  during  this  fortuitous  "anneal"  The  estimate  is  of 
approximately  I  um  and  is  in  reasonable  agreement  with  the 
observed  depth  of  1.5  um. 

The  second  important  feature  is  that  in  the  transition  re¬ 
gion  from  1  to  1  6  um  depths.  JE,  and  E  assume  larger 
values  than  those  found  nearer  the  surface  or  in  the  more 
uniform  region  below  This  clearly  shows  that  the  rapid  gra¬ 
dient  in  mercury  concentration  t  found  in  this  region  is  asso¬ 
ciated  with  long-range  strains,  which  enhance  J£,,  and  al- 
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loy  disorder,  which  enhances  r.  This  rather  remarkable 
result  is  consistent  with  our  earlier  conclusions1  that  mer¬ 
cury-diffused,  n-type  material  is  likely  to  be  more  strained 
than  the  original  p-type  material.  On  the  other  hand,  very 
near  the  surface,  for  D  less  than  1  /im,  £  is  seen  to  be  similar 
by  almost  0.01  eV  than  it  is  in  the  bulk,  which  is  apparently 
contradictory.  However,  this  can  be  explained  by  the  smaller 
Cd  concentration  x  in  the  top  region.  It  is  well  known  that 
alloy  disorder  contributes  substantially  to  the  value  of  £ 
Furthermore,  both  the  spatial  fluctuation  of  local  band  ener¬ 
gies  and  the  width  of  alloy  band  spectral-weight  functions'7 
increase  approximately  as  [xl  1  —  ,tl]05  with  increasing  alloy 
composition  x.  We  find  that  the  observ  ed  decrease  in  £  w  ith¬ 
in  1  fim  of  the  original  surface  is  entirely  consistent  with  the 
theoretical  estimate  of  this  effect. 

As  can  be  seen,  the  bulk  region  is  remarkably  uniform  in 
alloy  composition  x.  In  addition,  the  low  values  of  both  J£, 
and  Jcr  indicate  that  this  part  of  the  layer  is  only  weakly 
strained  and  has  few  polarizable  defects.  Also  the  parameter 
£,  which  describes  the  magnitude  of  the  random  potential 
fluctuations  associated  with  alloy  disorder,  vanes  very  little 
over  this  region.  Moreover,  the  root-mean-square  deviation 
from  the  average  composition  of.t  =  0  21  is  less  than  0.01, 
which  is  comparable  to  or  better  than  that  of  the  best  LPE 
epilayers.  This  result  is  particularly  remarkable  when  com¬ 
pared  to  that  typically  found  in  LPE  materials.'  There  the 
epilayer/ substrate  interface,  which  is  heavily  graded  and 
very  nch  in  defects,  is  typically  5 ,tim  deep,  so  that  thin  layers 
less  than  5  /r m :  grown  by  this  technique  would  be  of  poor 
quality  When  grown  by  MOVPE  instead,  a  thin  layer  is 
both  uniform  and  of  high  quality.  This  is  because  in  MOVPE 
matenal  the  interface  itself  is  remarkably  ahrupt.  certainly 
less  than  0.2  pm  thick,  and  the  properties  of  the  epilayer 
hardly  change  until  the  very  transition  to  the  substrate. 

The  last  remark  ble  feature  is  the  huge  jump  in  strain  at 
the  interface  accompanied  by  a  double  change  in  the  sign  of 
J £,.  This  jump  in  strain  is  accompanied  by  a  change  in  the 
sign  and  ar.  increase  in  the  magnitude  of  Jcr  A  simple  ex¬ 
planation  for  the  behavior  suggests  itself:  it  is  that  the  CJTe 
substrate  is  Hg  diffused  during  the  early  stages  of  the 
growth,  and  that  here  too  the  mercury  diffusion  induces 
strains  which  y  ield  large  negative  contributions  to  J £,,  but 
that  there  is  an  additional,  ever  larger,  strain  localized  at  the 
surface  of  the  substrate  w  hich  has  the  opposite  effect  on  J £, 
This  localized  strain  may  result  from  a  lattice  mismatch  at 
the  surface  of  the  substrate;  it  clearly  has  a  symmetry  differ¬ 
ent  from  that  of  diffusion-induced  strains,  so  it  is  not  too 
surprising  that  it  has  the  opposite  effect  on  J£;. 

This  explanation,  if  correct,  would  speak  strongly 
against  another  common  growth  technique,  the  vapor-phase 
epitaxy  technique,  because  that  technique  makes  use  precise¬ 
ly  of  such  a  process.  Our  resuits  would  indicate  that  such  an 
approach  is  bound  to  produce  graded  and  strained  materials. 


with  the  intensity  of  the  strains  reaching  into  the  plasticity 
range  and  becoming  associated  with  extended  defects,  as  is 
in  fact  commonly  found.  The  high  mobilities  reported  for 
these  materials  are  misleading,  being  due  to  the  composi¬ 
tional  gradient,  and  reflecting  chemical  inhomogeneities 
rather  than  the  quality  of  the  material. 

Still  consistent  with  the  above  explanation,  thedensityof 
polarizable  defects  increases  sharply  in  the  interface  region, 
possibly  indicating  the  formation  of  extended  defects  as  has 
already  been  seen  in  LPE  materials.2  Finally,  Jcr  changes 
sign  near  the  interface,  a  fact  which  indicates  that  the  appli¬ 
cation  of  the  modulating  electric  field  now  increases,  rather 
than  decreases,  the  scattering  of  carriers  by  the  polarizable 
defects  in  the  substrate. 

CONCLUSIONS 

We  have  shown  that  MOVPE  is  a  promising  technique 
for  the  growth  of  device  quality  Hg,  _,Cd,Te.  The  trans¬ 
port  properties  of  the  matenal  are  comparable  to  those  of 
bulk  single  crystals,  and  EER  profiling  shows  that  the  con¬ 
trol  of  composition  is  good  if  one  disregards  the  surface’s 
mercury  enrichment.  The  power  of  the  new  EER  line-shape 
analysis  has  been  demonstrated  by  its  revealing  the  effects  of 
mercury  in-diffusion  at  the  top  of  the  epilayer  and  by  the 
information  it  gives  about  the  interface  region. 
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Organometallic  vapor  phase  heteroepitaxy  of  CdTe  on  1 1001  oriented  GaAs  substrates  is 
described  in  this  letter.  It  is  shown  that  high  quality  CdTe  layers  can  be  grow  n  on  GaAs  substrates 
over  the  temperature  range  350-440  “C  by  this  process  Grow  th  under  different  temperatures  and 
reactant  partial  pressures  is  described.  Conditions  are  outlined  for  obtaining  optimum 
photoluminescence  properties,  with  suppression  of  the  defect  level  associated  w  ith  the  cadmium 
vacancy.  Electron  channeling  data  are  presented  to  indicate  that  excellent  epitaxy  is  achieved  by 
this  process.  The  orientation  of  the  epitaxial  layer  is  found  to  be  the  same  as  that  of  the  substrate 


Cadmium  tellunde  is  an  important  semiconductor  ma¬ 
terial  for  use  in  solar  energy  conversion.  It  is  also  a  natural 
choice  as  a  substrate  material  for  the  epitaxial  growth  of 
Hg,  ,Cd,Te.  because  of  their  dose  lattice  match  and 
chemical  compatibility  Unfortunately,  bulk  CdTe  is  a  diffi¬ 
cult  material  to  grow,  so  that  its  cry  stal  quality  is  generally 
poor  compared  to  what  would  be  expected  on  theoretical 
considerations.1  Indium  antimcnide  substrates,  which  are 
closely  lattice  matched  to  CdTe,  have  been  investigated’"* 
for  this  reason.  In  a  previous  letter4  we  have  shown  that 
organometallic  vapor  phase  epitaxy  lOMVPE)  can  be  used 
for  the  growth  of  CdTe  layers  on  this  substrate  material. 
Both  n-type  and  semi-insulating  CdTe  layers  were  grown  by 
this  technique  These  layers  were  shown  to  be  electrically 


superior  to  those  grown  on  bulk  CdTe.  as  evidenced  by  a 
band  edge  photoluminescence  peak  which  is  typically  two 
decades  larger  than  that  obtained  with  layers  grown  autoepi- 
taxially  on  CdTe.  under  identical  growth  conditions 

A  disadvantage  of  using  InSb  as  a  substrate  material  is 
its  relatively  low  energy  gap  '0.228  eV  at  "  K.  This  renders 
it  optically  opaque  at  wavelengths  below  5  urn.  so  that  it  is  an 
unsuitable  substrate  material  for  many  back-illuminated 
photodetector  applications.  As  a  result,  attention  has  fo¬ 
cused  on  the  use  of  GaAs  as  an  alternate  substrate  material 
because  of  its  wider  energy  gap  iE,  =  1  51  eV  at  "  K.  A 
large  lattice  mismatch  i  =  UG-ms  present  between  GaAs  and 
CdTe  i the  lattice  constant  of  GaAs  is  5  653  A  at  2'  C  as 
compared  to  6482  A  for  CdTel.  Nevertheless,  epitaxial 
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growth  of  high  quality  CdTe  layers  on  GaAs  substrates  was 
found  to  be  possible  by  molecular  beam  expitaxy  (MBE). 
Epitaxial  growth  of  both  ( 100)  CdTe  on  ( 1001  GaAs5  6  and 
1 1 1 1)  CdTe  on  1 100)  GaAs7  s  has  been  reported  for  this  ap¬ 
proach. 

Growth  of  CdTe  films  on  (100)  GaAs  by  OMVPE  has 
been  reported9  but  no  details  of  the  experimental  conditions 
are  available.  This  letter  repons  the  preparation  of  large 
area,  high  quality  CdTe  films  on  ( 100)  GaAs  by  OMVPE  and 
the  results  of  photoluminescence  i PL)  measurements  and 
electron  channeling  patterns  taken  on  the  epilayers.  These 
layers  have  featureless  morphology,  and  are  shown  to  be 
comparable  in  electncal  quality  to  those  grown  lattice 
matched  on  InSb  substrates,  and  considerably  supenor  to 
those  grown  autoepitaxially  on  CdTe  substrates. 

Epitaxial  growth  of  CdTe  was  earned  out  in  a  system 
desenbed  elsewhere.4  GaAs  substrates  of  1 100)  misonented 
2°— -( 1 1 01  were  cleaned  in  organic  solvents  and  etched  in 
Caro's  etch  iH-SO.,  :  H;0,  :  H-O  =  5  :  1  :  1  by  volumei  for 
10  min  to  remove  1 5-20  pnor  to  epitaxial  growth.  After 
loading  the  substrates,  the  system  was  purged  w  ith  nitrogen 
gas  and  brought  up  to  the  growth  temperature  in  hydrogen 
gas. 

Growth  was  earned  out  over  the  350— W0  ’C  tempera¬ 
ture  range.  The  partial  pressure  of  DMCd  was  varied  from  1 
to  7  ■  104  atm.  whereas  the  partial  pressure  of  DETe  was 
vaned  from  3  to  10  <  10 '4  atm  for  growth  runs  over  this 
temperature  range.  Runs  were  terminated  by  turning  off  the 
reactants  and  the  rf  power,  and  simultaneously  increasing 
the  hydrogen  flow-  to  3  slm  in  order  to  effect  a  rapid  cool 
down.  Samples  were  removed  from  the  reactor  when  the 
substrate  temperature  fell  below  100  ’ C . 

The  growth  rate  was  found  to  be  subhnear.  as  a  function 
vof  P  dmcj  :wtthPDETe  held  constanti,  and  also  subhnear  as  a 
function  of  PDET{  with  PDS,CJ  held  constant.  We  believe 
that  this  can  be  explained  by  invoking  a  Langmuir-Hinshei- 
wood  model  for  the  growth,  with  adsorption  and  desorption 
as  the  two  competing  processes  for  both  the  species  arriving 
on  the  slice.  Details  of  this  model  will  be  published  at  a  later 
date. 

Figure  1  shows  a  photograph  of  a  2.5-/itn-thick  large 
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area  sample.  Typically,  layers  of  this  type  were  specular  in 
character,  with  edge  to  edge  flatness  over  the  grown  layer. 
The  morphology  of  these  layers  is  shown  in  Fig.  2,  and  indi¬ 
cates  a  complete  absence  of  surface  features.  Excellent  layer 
morphology  was  experienced  over  the  full  temperature 
range;  however,  the  range  of  partial  pressures  of  DMCd  and 
DETe  for  which  this  could  be  achieved  had  to  be  optimized 
for  each  growth  temperature.  The  achievement  of  good  mor¬ 
phology  became  increasingly  difficult  at  higher  growth  tem¬ 
peratures  |440  °C).  We  believe  that  this  is  due  to  the  tendency 
of  tellurium  crystallites  to  form  on  the  substrate  at  these 
temperatures.  It  is  probable  that  three-dimensional  growth, 
initiated  by  nucleation  at  these  sites,  leads  to  a  deterioration 
in  the  morphology.  An  alternative  possibility  is  the  forma¬ 
tion  of  a  solid  methylene  polymer10  at  these  temperatures, 
which  would  have  the  same  consequence. 

Electron  channeling  studies  were  undertaken  to  investi¬ 
gate  the  crystalline  quality  and  orientation  of  the  grown  lay¬ 
er.  This  technique  is  preferable  to  x-ray  diffraction  for  thin 
epitaxial  layers,  since  it  has  a  depth  resolution  of  under  500 
A.  whereas  that  of  x-ray  diffraction  ranges  from  5  to  10^m. 
Ty  pically,  the  grown  layer  in  our  experiments  was  about  2.5 
fxm  thick.  Figure  3/al  shows  the  electron  channeling  pattern 
for  a  GaAs  substrate  for  a  scan  angle  of  9*.  and  is  ty  pical  for 
1 100)  oriented  material.  The  electron  channeling  pattern  for 
a  2.5-um  CdTe  layer,  grown  at  350  °C  on  an  identical  sub¬ 
strate.  is  shown  in  Fig.  3ibi.  Here,  the  pattern  is  replicated 
with  almost  the  same  line  sharpness,  indicating  the  excellent 
cry  stal  quality  of  the  CdTe.  The  difference  in  cry  stal  param¬ 
eter,  about  14£T,  is  directly  seen  in  the  change  in  pattern 
dimensions  for  200)  reflections.  iBoth  sets  of  patterns  are 
reproduced  ai  the  same  magnification  !  Finally,  the  grown 
layer  is  seen  to  be  oftlOOl  orientation  from  Fig.  3ibi;  i.e  .  it 
follows  the  substrate  orientation.  The  orientation  of  the  lay¬ 
ers  grown  at  iher  temperatures  was  also  confirmed  to  be 
1 100)  by  observing  Laue  back-reflection  photographs,  which 
also  showed  fourfold  symmetry.  This  result  is  in  contrast  to 
the  findings  of  workers  with  MBE5"  where  the  growth  of 
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FIG  3  Electron  channeling  pattern  for  41  a  1 1001  GaAs  substrate  and  bi  a 
CdTe  epilaver  grown  on  a  100i  GaAs  substrate  The  scanning  electron  mi¬ 
croscope  was  operated  in  the  specimen  current  mode  for  these  figures 


both  1 100i  and  1 1 1 1 1  CdTe  has  been  reported  on  1 100)  GaAs 
substrates. 

Films  grown  by  this  process  were  found  to  be  semi-insu- 
lating.  Photoluminescence  PLl  measurements  were  made 
on  them  at  77  K.  using  a  7-mW  He-Ne  laser  as  the  optical 
excitation  source.  The  PL  spectra  showed  a  band  to  band 
peak  at  1.58  eV,  and  a  second  peak  at  1.43  eV  which  has  been 
established  to  be  due  to  the  Cd  vacancy-donor  complex." 
The  ratio  of  the  intensities  of  these  peaks  is  often  used  as  a 
measure  of  the  device  quality  of  CdTe  layers.  Although  (his 
quantity  is  also  related  to  system  factors  such  as  the  laser 
intensity"  it  is  useful  for  comparing  films  with  similar  sur¬ 
face  morphology,  if  they  are  tested  under  a  similar  set  of 
measurement  conditions.  Figure  4  shows  the  ratio  of  the  in¬ 
tensity  of  the  defect  peak  to  the  band  edge  peak  !/Cj//Be  1  as 
the  function  of  the  /’DMcu/  ^DETt  ratl°  for  a  typical  set  of 
growth  runs.  This  intensity  ratio  falls  with  increasing 
P  pMC  j  P of  Tt  •  as  expected  A  broad  minimum,  around  0.5, 
is  seen  to  occur  for  a /’DMt  J//,DETe  ratio  of  unity  It  should 
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FIG  4  Ratio  of  the  imensity  of  the  Cd  vacancy -donor  complex  defect  peak 
to  the  band  edge  peak,  plotted  as  a  function  of  />dn.oj//,det. 


be  emphasized,  however,  that  the  PCa/Prt  ratio  1S  not  the 
same  as  the  P  DMCll  /P  DETe  ratio.  The  occurrence  of  the  mini¬ 
mum  at  unity  is  fortuitous  and  is  related  to  system  param¬ 
eters  such  as  susceptor  and  reaction  chamber  dimensions, 
which  affect  the  preheating  of  the  reactant  species  before 
arrival  at  the  GaAs  substrate.  The  existence  of  a  broad  mini¬ 
mum  does  indicate,  however,  that  a  wide  range  of  organome- 
tallic  flow  ratios  can  be  used  without  deteriorating  the  elec¬ 
tro-optical  parameters  of  the  grown  layer. 

In  summary .  we  have  shown  that  large  area,  single  crys¬ 
tal  CdTe  layers  of  excellent  morphology  can  be  grown  on 
1 1001  GaAs  substrates.  The  orientation  of  the  layers  was 
identical  to  the  substrate  orientation.  Electron  channeling 
measurements  have  shown  that  these  layers  are  of  excellent 
crystalline  quality.  The  electncal  quality  of  these  layers  has 
been  demonstrated  by  PL  measurements,  and  conditions  are 
presented  for  minimizing  the  cadmium-vacancy  defect  level. 
Finally,  the  layers  were  semi-insulating  in  character.  Thus, 
they  serve  as  a  starting  point  for  the  subsequent  growth  of 
Hg,  _,Cd,Te  films,  which  would  be  electrically  isolated 
from  the  lattice-matched  CdTe  buffer  layer  and  the  semi- 
insulating  GaAs  substrate. 
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Growth  of  epitaxial  mercury  cadmium  teilunde  ( Hg,  _  ,  Cd,  Te)  on  ;  100)  GaAs  substrates  by 
organometailic  vapor-phase  epitaxy  is  described.  Transport  measurements  made  on  these  layers 
at  80  K  indicate  an  electron  mobility  greater  than  2  x  10'  cm:/  V  s  for  layers  of  composition 
.taO.2.  An  intervening  CdTe  buffer  layer  was  used  to  accommodate  the  large  t  14rc  )  lattice 
mismatch  between  these  systems,  and  HgCdTe  layers  have  been  grown  with  CdTe  buffer  layer 
thicknesses  from  1000  A  to  3  /am.  It  is  shown  that  a  CdTe  buffer  layer  of  2-3  urn  is  necessary  to 
accommodate  the  misfit  dislocations  at  the  CdTe-GaAs  interface. 


Hg,  _  ,Cd,Te  (MCT)  is  an  important  intrinsic  semi¬ 
conductor  material  for  infrared  detector  applications,  espe¬ 
cially  in  the  8-16/am  range.  Epitaxial  growth  of  this  material 
on  a  suitable  substrate  has  received  considerable  attention  in 
the  past  few  years.  CdTe  is  a  natural  choice  as  a  substrate 
material  because  of  us  excellent  lattice  match  and  chemical 
compatibility  with  MCT  systems.  However,  the  lack  of 
availability  of  high-quality,  large-area  CdTe  substrates 
prompted  many  workers  to  consider  alternate  substrates 
such  as  GaAs.  InSb.  and  sapphire.  Of  these,  GaAs  is  espe¬ 
cially  important  because  it  can  serve  as  a  window  for  back¬ 
side  illuminated  devices.  Moreover,  its  use  opens  up  the  pos¬ 
sibility  of  integrating  GaAs  circuits  with  sensoi  ievices  of 
HgCdTe  in  a  monolithic  structure. 

The  growth  of  CdTe  and  MCT  on  GaAs  substrates  by 
molecular-beam  epitaxy1'  (MBE)  and  organometailic  va¬ 


por-phase  epitaxy  "1  iOMVPE)  has  been  the  subject  of 
study  in  recent  papers.  In  addition,  we  have  reported  on  the 
electron  channeling  patterns  and  photoluminescence  prop¬ 
erties  of  CdTe  grown  on  GaAs'  by  OMVPE.  Our  work  has 
shown  that,  although  the  lattice  mismatch  between  CdTe 
and  GaAs  is  about  140- .  high-quality  single-crystal  layers 
with  featureless  morphology  could  be  obtained  over  the  550- 
420  ’C  range  of  growth  temperatures  As  an  extension  of  this 
work,  we  report  for  the  first  time  on  the  electrical  characteri¬ 
zation  of  MCT  layers  grown  on  GaAs  substrates  by 
OMVPE.  These  are  grow  n  w  ith  an  intermediate  buffer  lay  er 
of  CdTe  in  a  continuous  process.  The  effect  of  CdTe  buffer 
layer  thickness  on  the  electrical  properties  of  the  MCT  layer 
will  also  be  discussed. 

The  epitaxial  growth  of  CdTe  and  MCT  was  carried  out 
in  a  system  described  previously'  Dimethy Icadmium 
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FIG  I  Morphology  of  a  HgCdTc  layer  grown  on  I  100)  GaAs  substrate 
with  a  0  2-um-ihick  CdTe  buffer  layer. 

(DMCd)  and  diethyltellunde  (DETe),  held  at  15  °C,  were 
used  as  the  cadmium  and  tellurium  sources,  respectively, 
and  elemental  mercury  was  used  as  the  mercury  source. 

Serm-insulating  GaAs  substrates  of  (100)  2° — » t  1 1 0 ) 
orientation  were  cleaned  in  organic  solvents  and  etched  in 
Caro's  etch  ( H;S04:H;O.  H;0  =  5:1:1  by  volume)  for  10 
min  to  remove  15-20um  prior  to  epitaxial  growth.  After 
loading  the  substrates,  the  system  was  purged  with  nitrogen 
and  brought  up  to  the  growth  temperature  in  hydrogen. 

First,  a  layer  of  CdTe  was  grown  on  GaAs;  typically, 
partial  pressures  of  1-7  xlO-4  atm  were  used  for  the 
DMCd.  and  3-10 \  10 -4  atm  for  the  DETe.  Growth  tem¬ 
peratures  were  in  the  range  of  350-440  ‘C  Specular  surfaces 
of  CdTe  were  obtained  for  these  conditions.  After  the 
growth  of  the  CdTe  buffer  layer,  the  MCT  layer  w  as  grown 
at  a  substrate  temperature  of  415  "C,  without  opening  the 
reactor  sy  stem.  To  do  this,  the  reactor  wall  and  the  mercury 
chamber  were  brought  up  to  the  required  temperatures  ( 230 
and  300  °C.  respectively).  The  susceptor  was  heated  to 
415  °C  in  a  DMCd  ambient  to  prevent  the  decomposition  of 
CdTe,  and  MCT  growth  was  initiated  by  turning  on  the  Hg 
and  DETe  flows. 

Figure  1  shows  the  morphology  of  a  MCT  layer  grown 
on  GaAs,  with  a  0.2-/um-thick  CdTe  buffer  layer.  The  layer 
is  mirrorlike  to  the  unaided  eye.  but  a  small  number  of  hill¬ 
ocks  (about  500/sq  cm  in  number)  are  visible  when  viewed 
under  the  microscope.  MCT  layers  grown  on  bulk  CdTe  sub¬ 
strates  under  identical  conditions  do  not  result  in  such  hill¬ 
ocks.  indicating  that  they  probably  originate  during  the 
growth  of  CdTe  buffer  layers.  The  composition  of  these  hill¬ 
ocks  was  checked  by  energy  dispersive  x-rav  analysis  and 
was  found  to  be  identical  to  the  composition  of  the  surround¬ 
ing  layer.  It  is  well  known  that  HgTe  grows  much  faster  near 
defects  or  sample  edges  because  these  provide  easy  nucleat¬ 
ing  sites.  Hence,  any  defect  or  kink  site  on  the  CdTe  epilayer 
will  show  up  as  a  hillock  in  the  MCT  layer.  Such  defects  can 
be  expected  to  occur  in  the  form  of  stacking  faults  because 
of  the  large  lattice  mismatch  between  CdTe  and  GaAs. 

Hall  and  resistivity  measurements  were  made  from  10  to 
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FIG.  2  Electron  mobility  n  in  HgCdTc  as  a  function  of  temperature  The 
composition  is  x  a0.2  and  the  layer  was  grown  with  a  2  6-^m-ihick  CdTe 
buffer  layer. 

300  K  by  means  of  the  Van  der  Pauw  method,  with  a  mag¬ 
netic  field  strength  of  2.1  kG,  A  cloverleaf-shaped  pattern 
was  delineated  in  the  layer  to  avoid  errors  due  to  poor  con¬ 
tact  placement.  Indium  solder  was  used  for  the  contacts  in 
all  these  measurements. 

Figure  2  shows  the  Hall  mobility  versus  temperature 
data  for  a  MCT  layer  of  composition  xs0.2.  This  layer  was 
grown  with  a  CdTe  buffer  layer  thickness  of  2.6,um.  and  had 
a  MCT  layer  thickness  of  5  6/am  The  maximum  value  of  the 
mobility  for  this  laver  is  2. 1  v  10'cm:/  V  s  at  80  K. 

Figure  3  show-,  the  Hall  coefficient  ( RH  )  as  a  function 
of  inverse  temperature  for  the  layer  shown  in  Fig.  2.  From 
the  value  of  RH  at  !nw  temperature,  the  earner  concentra¬ 
tion  in  this  layer  is  climated  to  be  approximately  2.3  ■  101' 
cm  ‘  \ 
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FIG  4  Electron  mobility  at  *0  K  :n  HgCdTe  '.avers.  as  a  function  of  CdTe 
Surfer  layer  thickness  The  composition  *  is  shown  in  the  parentheses 

The  effect  of  the  buffer  layer  thickness  on  the  properties 
of  the  MCT  layers  was  also  studied.  Figure  4  presents  the 
electron  mobility  at  80  K  for  a  number  of  MCT  layers  with  x 
in  the  0  1 8—0. 2 1  range.  All  layers  were  grown  under  identical 
conditions  except  that  the  thickness  of  the  CdTe  film  was 
varied  We  note  that  the  thickness  of  (he  buffer  layer  has  a 
-.trong  effect  on  the  electron  mobility  in  the  MCT  layers. 
This  is  because  as  the  CdTe  layer  thickness  is  reduced,  more 
of  the  strain  due  to  the  large  lattice  mismatch  is  accommo¬ 
dated  in  the  MCT  layer 

The  electron  concentration  for  these  layers,  measured  at 
'0  K..  fell  monotonically  from  3.3  •  lO'Vcnr  to  1.2.x.  10'V 
cm  for  increasing  buffer  layer  thickness.  This  is  '  be  ex¬ 
pected.  since  strain-induced  defects  are  Known  to  a  as  n 
type  in  MCT  '  A  CdTe  layer  thickness  of  2-3  iim  was  found 
necessary  to  fully  accommodate  the  lattice  mismatch 


between  GaAs  and  CdTe  systems,  and  give  layers  with  a 
large  value  of  Hall  mobility,  and  low  carrier  concentration. 

Experimentally,  a  misfit  dislocation  density  of  about 
lOVcm2  has  been  observed9  for  the  CdTe-Hgo ,  Cdo  2  Te  in¬ 
terface.  On  the  other  hand,  dislocation  densities  of  10"- 
10‘2/cm2  have  been  reported  for  the  CdTe-GaAs  interface. 
The  use  of  a  buffer  layer  thus  has  the  potential  for  effecting  a 
2-3  decade  reduction  in  this  dislocation  density.  Transmis¬ 
sion  electron  microscopy  studies  done  on  CdTe  lay  ers  grow  n 
on  GaAs  have  shown' 9  that  a  2-3  ^m  layer  is  sufficient  for 
this  purpose.  This  study  supports  the  above  view  from  mea¬ 
surements  of  the  transport  properties. 

In  summary,  the  OMVPE  growth  of  MCT  layers, 
grown  on  GaAs  substrates,  with  an  intermediate  buffer  layer 
of  CdTe,  was  demonstrated.  Except  for  the  presence  of  few 
hillocks,  the  morphology  of  the  layers  was  featureless.  The 
transport  properties  of  these  layers  were  reported  for  the 
first  time,  and  their  high  quality  established  by  this  data. 
These  electrical  measurements  have  confirmed  that  the  mis¬ 
fit  stress  between  GaAs  and  CdTe  is  accommodated  between 
2  and  3  from  the  CdTe/GaAs  interface. 
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ABSTRACT 


1.  INTRODUCTION 


Hg,  ^Cd^Te  (MCT)  is  an  important  intrinsic  semiconductor  material 
for  infrared  detector  applications)  especially  in  the  8-16  micron  ranee. 
Fpitaxial  growth  of  this  material  on  a  suitable  substrate  has  receivec 
considerable  attention  in  the  past  few  years.  CdTe  is  a  natural  choice  as  a 
substrate  material  because  of  Its  excellent  lattice  match  and  chemical 
compatibility  with  MCT  systems.  However»  the  lack  of  availability  of  high 
quality>  large  area  substrates  of  this  material  have  prompted  many  workers 
to  consider  alternate  substrates  such  as  GaAs>  InSb  and  sapphire.  Of  these> 

InSb)  which  is  closely  lattice  matched  to  CdTe  has  been  investigated  by  many 

.  (1-4) 

workers. 

A  disadvantage  of  using  InSb  as  a  substrate  material  is  that  it  has 
a  relatively  lew  energy  gap  (0.22  eV  at  77  K).  This  renders  it  optically 
opaque  at  wavelengths  below  5  m1crons>  so  that  It  is  an  unsuitable  substrate 
material  for  many  backside  Illuminated  photodetector  applications.  As  a 
result)  attention  has  focussed  on  the  use  of  GaAs  as  an  alternate  substrate 
material  because  of  Its  wider  energy  gap  (E^  =  1.51  eV  at  77  K).  Moreover) 
Its  use  opens  up  the  possibility  of  integrating  GaAs  circuits  with  sensor 
devices  of  PqCdTe)  In  a  monolithic  structure. 

The  growth  of  CdTe  and  MCT  on  GaAs  substrates  by  molecular  team 

epltaxy^'^  (M8E)  and  organometal  1 1c  vapor  phase  ep  i  t  axy  ^ 4  ’  ®  ^  (CMVPE) 

has  been  the  subject  of  stucy  in  recent  papers.  In  addition)  we  have 

reported  on  the  electron  channeling  patterns  and  phctoluminescer.ee 

( IC ) 

properties  of  CcTe  grown  on  GaAs  by  CMVPE.  Cur  wotk  has  shewn  that) 

although  the  lattice  mismatch  between  CdTe  and  GaAs  is  ever  14<5,  n  ■;  g  n 
quality  single  crystal  ’ayers  with  featureless  morphology  could  be  ebtainee 
over  the  350-420  C  range  cf  growth  temperatures.  In  this  paper>  we  report 
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recent  results  obtained  on  the  growth  of  CdTe  on  GaAs  substrates  and  also  on 
the  growth  and  electrical  characterization  of  MCT  layers  on  GaAs  substrates. 
These  are  grown  by  CMVPE,  with  an  intermediate  buffer  layer  of  CdTe»  in  a 
continuous  process.  The  effect  of  CdTe  buffer  layer  thickness  on  the 
electrical  properties  of  the  MCT  layer  will  also  be  discussed  here. 

2.  EXPERIMENTAL 

The  epitaxial  growth  of  CdTe  and  MCT  was  carried  out  In  a  system 
described  p rev  1  ou si y . ^ ^  D Imethy 1 cadm 1 um  (DMCd)  and  d 1  ethyl  tel  1 u r 1 de 
(CETe).  held  at  15°C,  were  used  as  the  cadmium  and  tellurium  sources  respec¬ 
tively.  and  elemental  mercury  was  used  as  the  mercury  source. 

GaAs  substrates.  7  mm  x  7  mm  in  size  and  of  (100)  2° — ^(110)  orien¬ 
tation  were  cleaned  In  organic  solvents  and  etched  In  Caro's  etch  (H^SO^: 
H2^2:  H2^  =  ^  :  1  '•  1  by  volume)  for  10  minutes  to  remove  15-20  microns 
pricr  to  epitaxial  growth.  After  leading  the  substrates,  the  system  was 
burgee  with  nitrogen  and  brought  up  to  the  growth  temperature  in  hydrogen. 

First,  a  layer  of  CdTe  was  grown  on  GaAs;  typically,  partial  pres- 

-4  -4 

sures  cf  1  -  7  x  10  atm  were  used  for  the  CMCd.  and  3  -  10  x  10  atm  for 

the  CETe.  Growth  temperatures  were  in  the  ranee  cf  350  -  440°C.  Specular 
surfaces  of  CaTe  were  obtained  for  these  conditions.  After  the  growth  of 
the  CdTe  buffer  layer,  the  MCT  layer  was  crcwn  at  a  substrate  temperature  of 
4I5°C,  without  opening  the  reactor  system.  To  co  this,  the  reactor  wall  and 
the  mercury  chamber  were  first  brought  up  to  the  required  temperatures  (230° 
C  and  300°C  respectively).  The  susceptor  was  heated  tc  415  C  in  a  CMCc 
amt'ent  to  prevent  the  decomposition  cf  Cc^e,  anc  VC"  growth  was  -'nitiatec 
by  turning  on  the  Hg  and  CETe  flows. 
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3.  RESULTS  AND  DISCUSSION 
CDTe  GROWTH : 

Figure  1  shows  a  photograph  of  a  2.6  micron  thick  layer  area  sample. 
Typically,  layers  of  this  type  were  specular  in  character,  with  edge  to  edge 
flatness  over  the  grown  layer.  The  morphology  of  these  layers  Is  shown  in 
Figure  2.  under  high  magnification.  Excellent  layer  morphology  was  observed 
over  the  full  temperature  range;  however,  the  range  of  partial  pressures  of 
DMCd  and  DETe  had  to  be  optimized  for  each  growth  temperature.  The  achieve¬ 
ment  of  good  morphology  became  increasingly  difficult  at  higher  growth 
temperatures  (440°C).  We  believe  that  this  Is  due  to  the  tendency  of  tel¬ 
lurium  crystallites  to  form  on  the  substrate  at  these  temperatu res .  It  Is 
probable  that  three-dimensional  growth.  Initiated  by  nucleatlon  at  these 

sites,  leads  to  a  deterioration  In  the  morphology.  An  alternative  pos- 

(12) 

Sibil ity  is  the  formation  of  a  solid  methylene  polymer  at  these 
temperatures,  which  would  have  the  same  consequence. 

The  growth  rate  of  CdTe  was  studied  at  350°C  as  a  function  of  DMCd 
flow  (with  DeTe  flow  fixed)  and  also  as  a  function  of  CETe  flow  (with  DMCd 


flow  fixed).  The  results  are  shown  in  Figure  3.  A  few  observations  can  be 
made  from  these  two  figures.  First,  the  growth  rate  is  sub!  inear  in  both 


cases  even  when  one  of  the  reactants  is  a  minority  species.  Next,  for  a 

fixed  partial  pressure  of  OETe,  an  increase  of  above  5  x  10~4  atm. 

DMCd 

does  not  have  any  effect  on  the  growth  rate.  On  the  other  hand,  for  a  fixed 


partial  pressure  of  DMCd,  an  increase  of  above  5  x  10  atm.  results 

in  an  increase  in  the  growth  rate,  which  eventually  saturates  at  a  higher 


value  than  for  the  previous  case.  Finally,  we  note  that  the  growth  ' s 

0 

limited  by  surface  kinetics  at  350  C,  even  at  low  flow  rates  of  DMCd  cr 


DETe. 
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The  above  results  can  be  explained  by  assuming  a  Langmuir 
Hinshelwood  model,  where  the  deposition  of  CdTe  occurs  by  the  adsorption  of 
these  two  reactants  followed  by  a  surface  catalysed  reaction .  ^  From 
the  second  observation,  we  propose  the  following  growth  mechanism  for  CDTe: 
DMCd  decomposes  into  (CH^-Cd)  or  Cd  at  the  surface  and  gets  strongly 
chemisorbed.  On  the  other  hand,  no  such  reaction  occurs  in  the  case  of 
DETe.  The  eventual  growth  of  CdTe  occurs  by  the  surface  reaction  of  DETe 
and  decomposition  products  of  DMCd. 

Growth  rates  at  440°C  were  considerably  larger,  because  of  the 
Increased  decomposition  of  DETe.  Measurements  in  the  subl Inear  region  could 
not  be  made  at  this  temperature,  because  of  the  resulting  polycrystal  1  Ine 
growth.  Electron  channeling  studies,  carried  out  on  these  layers,  indicate 
that  they  are  (100)  oriented  and  of  high  crystal  quality. 

Photoluminescence  (PL)  measurements  were  made  on  these  layers  at  77 
K  using  a  7  mW  He-Ne  laser  as  the  optical  excitation  source.  Care  was  taken 
to  use  identical  measurement  conditions  for  all  cases,  so  that  this  data  is 
meaningful  on  a  comparative  basis.  The  PL  spectra  showed  a  bound  exciton 
peak  at  1.58  eV  and  a  second  peak  at  1.43  eV  which  has  been  established  to 
be  due  to  the  (Cd  vacancy-donor)  complex.  ^  Figure  4  shows  the  ratio  of 


the  intensity  of  the  defect  peak  to  the  bound  exciton  (I^/Ig^J  as  a  func¬ 
tion  of  the  Pg^c^/PoETe  ra’t1°  for  a  typical  set  of  runs.  A  broad  minimum  is 
seen  to  occur  for  a  PgMCc/PoETe  ratlo  of  unity.  The  existence  of  this  broad 
minimum  indicates  that  wide  range  of  organometal 1 1c  flow  ratios  can  be  used 


without  deteriorating  the  electro-optical  parameters  of  the  grown  layer. 


HgCdTe  GROWTH: 
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HgCdTe  layers  were  subsequently  grown  at  415°C  on  these  CdTe  buffer 
layers.  For  all  these  runs,  the  buffer  layers  were  grown  at  350°C.  Figure 
5  shows  the  morphology  of  a  MCT  layer  grown  on  GaAs.  The  layer  is  mirror¬ 
like  to  the  unaided  eye.  but  a  small  number  of  hillocks  (about  500/sq.  cm  in 
number)  are  visible  when  viewed  under  the  microscope.  MCT  layer  grown  on 
bulk  CdTe  substrates  under  ideal  conditions  do  not  result  in  such  hillocks, 
indicating  that  they  probably  originate  during  the  growth  of  CdTe  buffer 
layers.  The  composition  of  these  hillocks  was  checked  by  energy  dispersive 
X-ray  analysis  and  was  found  to  be  identical  to  the  composition  of  the 
surrounding  layer.  It  Is  well  known  that  the  growth  rate  of  HgTe  Increases 
near  defects  or  sample  edges  because  these  provide  easy  nucleating  sites. 
Hence,  any  defect  or  kink  site  on  the  CdTe  epllayer  will  probably  result  In 
a  hillock  in  the  MCT  layer.  Such  defects  can  be  expected  to  occur.  In  the 
form  of  stacking  faults/^  because  of  the  large  lattice  mismatch  between 
CdTe  and  GaAs. 

Hall  and  resistivity  measurements  were  made  from  10  to  300  K  by 
means  of  the  Van  der  Pauw  method,  patterned  in  the  form  of  a  cloverleaf, 
with  a  magnetic  field  strength  of  2.1  kG.  Indium  solder  was  used  for  the 
contacts  in  all  these  measurements.  Figure  6  shows  the  Hall  mobility  versus 
temperature  data  for  a  MCT  layer  of  composition  x  —  0.2.  This  layer  was 
grown  with  a  CdTe  buffer  layer  thickness  of  2.6  microns,  and  had  a  MCT  layer 
thickness  of  5.6  microns.  The  maximum  value  of  the  mobility  for  this  layer 
is  2.1  x  lO-'  cmW  sec  at  80  K. 

Figure  7  shows  the  Hall  coefficient  (R^)  as  a  function  of  inverse 
temperature  for  the  layer  shown  in  Figure  6.  From  the  value  of  R^  at  low 
temperature  (  ~  10  K),  the  carrier  concentration  In  this  layer  is  estimated 
to  be  approximately  2.3  x  10^  cm 


The  effect  of  the  buffer  layer  thickness  on  the  properties  of  the 
MCT  layers  was  also  studied.  Figure  8  presents  the  electron  mobility  at  80 
K,  for  a  number  of  MCT  layers  with  x  in  the  0.18  to  0.21  range.  All  layers 
were  grown  under  identical  conditions  except  that  the  thickness  of  the  CcTe 
film  was  varied.  The  composition  variation  x  over  a  5  mm  x  5  mm  region  was 
approximately  0.01.  We  note  that  the  thickness  of  the  buffer  layer  has  a 
strong  effect  on  the  electron  mobility  In  the  MCT  layers.  This  Is  because* 
as  the  CdTe  layer  thickness  Is  reduced*  more  of  the  strain  due  to  the  large 
lattice  mismatch  Is  accommodated  In  the  MCT  layer. 

The  electron  concentration  for  these  layers^measured  at  77  K*  fell 
monoton  leal  1  y  from  3.3  x  10^/cm^  to  1.2  x  10^/cm^  for  Increasing  buffer 
layer  thickness.  One  possible  cause  for  this  behavior  Is  the  doping  of  MCT 
layers  by  gallium  diffusion  from  the  substrate  through  the  CdTe  buffer 
layer.  However,  the  electrical  properties  of  our  CdTe  buffer  layers  have 
shown  that  they  are  seml-1 nsul atlng.  Hence,  doping  from  the  GaAs  substrate 
can  be  discounted  as  the  reason  for  this  relatively  high  doping.  We  believe 
that  the  electron  concentration  In  MCT  layers  with  a  thin  CdTe  buffer 
results  from  strain,  since  strain  Induced  defects  are  known  to  act  as  n-type 


in  MCT. 


A  CdTe  layer  thickness  of  2-3  microns  was  found  necessary  to 


fully  accommodate  the  lattice  mismatch  between  GaAs  and  CdTe  systems,  and 

give  layers  with  a  large  value  of  Hall  mobility,  and  low  carrier 

concentration.  Transmission  electron  microscopy  (TEM)  studies  done  on  CdTe 

layers  grown  on  GaAs  by  other  workers^^’  ^  have  shown  that  the  density  of 

11  2 

dislocations  near  the  CdTe/GaAs  Interface  Is  approximately  10  /cm  .  At 
distances  exceeding  2-3  microns,  the  dislocation  density  was  reduced  to 


10  /cm  suggesting  that  the  misfit  stress  between  CdTe  and  GaAs  is  effec¬ 
tively  accommodated  over  this  distance.  Our  study  also  supports  the  above 
view  from  the  measurements  of  the  transport  properties. 

4.  CONCLUSION 

The  OMVPE  growth  of  MCT  layers,  grown  on  GaAs  substrates,  with  an 
intermediate  buffer  layer  of  CdTe,  was  demonstrated.  Except  for  the 
presence  of  a  few  hillocks,  the  morphology  of  the  layers  are  featureless. 
More  studies  need  to  be  done  to  determine  the  cause  of  these  hillocks,  and 
for  their  reduction.  The  transport  properties  of  these  layers  were 
reported,  and  their  high  quality  established  by  this  data.  These  electrical 
measurements  Indicate  that  the  misfit  stress  between  GaAs  and  CdTe  Is  accom¬ 
modated  between  2-3  microns  from  the  CdTe/GaAs  interface.  However,  a 
detailed  study  will  be  required  to  confirm  this  point. 
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FIGURES 

Figure  1:  A  2-6  micron  thick  CdTe  layer  on  GaAs.  The  reflection  of  the 

1  mm  scale  markers  demonstrates  its  specular  character. 

Figure  2:  Morphology  of  CdTe  layers  grown  on  (100)  GaAs  misoriented  2'— 

(110). 

-4 

Figure  3:  Growth  rate  as  a  function  of  (a)  with  =  5  x  10  (A 

);  (b)  pDMcd  with  P0£-|-e  =  5  x  10~4  atm  (0). 

Figure  4;  The  ratio  of  the  Intensity  of  the  Cd  vacancy-donor  complex 
defect  peak  to  the  boundary  exclton  peak»  plotted  as  a  function 

0f  PDMCd/PDETe’ 

Figure  5:  Morphology  of  Hg^  Cd  Te  layer  grown  on  (100)  GaAs.  The  thick¬ 

ness  of  the  CdTe  buffer  layer  Is  0.2  microns  and  composition  x  ~ 


Figure  6:  Electron  mobility  In  HgCdTe  (x  cr  0.2)  as  a  function  of 

temperature.  The  layer  was  grown  with  2.6  micron  thick  CdTe 
buffer  layer. 

Figure  7:  Hall  coefficient  versus  reciprocal  temperature  for  the  layer  of 

Figure  6. 

Figure  8:  Electron  mobility  In  HgCdTe  layers,  as  a  function  of  the  CdTe 

buffer  layer  thickness.  The  composition  x  is  shown  in 
parenthesis. 
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ABSTRACT 


Hg^_xCd  Te  layers  have  been  grown  on  CdTe  substrates  using  dimethyl- 

cadmium.  d 1 ethl ytel  1  urlde  and  mercury  In  a  horizontal  reactor.  Details  of 
conditions  for  growth  of  these  layers  Is  provided  In  this  paper.  Specular 
surfaces  of  Hg^^Cd^Te  with  x  H  0.15  were  obtained  on  (100)  3°  '”(110) 

oriented  CdTe  substrates.  The  morphology  of  the  layers  with  various  com¬ 
positions  Is  also  presented  here.  Both  n-type  and  p-type  layers  could  be 
obtained  The  mobility  of  these  layers  was  measured  over  the  temperature 
range  of  10  K  to  300  K.  The  mobility  of  n-type  of  Hg  g^Cd  ^Te  layers. 

5  2  5 
measured  at  2.1  kGauss,  was  3.0  x  10  cm  /V-sec  at  60  K,  falling  to  2  x  10 

2 

cm  /V-sec  at  10  K.  P-type  layers  were  also  grown,  and  are  described  In  this 
paper.  Anomalous  behavior  was  observed  In  some  of  these  p-type  layers. 
Reasons  for  this  behavior  are  presented  In  this  paper. 


The  epitaxial  growth  of  Hg^_xCdxTe  has  received  considerable  atten¬ 
tion  during  the  past  several  years,  because  It  potentially  can  yield  active 
layers  of  better  electrical  quality  than  those  grown  by  bulk  methods. 
Moreover#  active  thin  layers  are  required  In  a  number  of  Integrated  circuit 
type  applications  using  this  material.  Several  methods  have  been  reported 
for  the  growth  of  these  layers;  among  them*  organometall 1c  vapor  phase 
epitaxy  (OMVPE)  Is  a  very  promising  candidate. 

The  growth  of  Hg^^Cd^Te  by  OMVPE  was  reported  by  several  workers 

(1-5)  but  no  detailed  experimental  conditions  such  as  the  reactant  partial 
pressures  are  available.  Our  own  work  on  the  growth  of  this  material*  and  on 
the  results  of  electrolyte  electroreflectance  measurements  taken  on  these 
layers,  was  reported  In  two  communications  (6,7). 

In  this  paper,  we  report  on  the  details  of  growth  of  HgCdTe,  and  on 
electrical  characteristics  of  both  p-  and  n-type  layers.  The  work  repre¬ 
sents  an  extension  of  our  work  on  the  growth  of  HgTe  by  OMVPE  (8). 

Epitaxial  growth  of  HgCdTe  was  carried  out  at  atmospheric  pressure  In 
a  quartz  horizontal  reactor  tube,  using  palladium  purified  hydrogen  as  the 

carrier  gas.  D  1  ethy  1  tel  1  u r  1  de  (DETe)  and  Dimethylcadmium  (DMCd)‘  vapors 
were  used  as  organcmetal 1 1c  sources  of  Te  and  Cd  respectively,  and  were 
Introduced  by  bubbling  hydrogen  through  the  respective  bubblers  which  were 


1.  A1 fa-Ventron,  Danvers,  Massachusetts  01923 


held  at  15  C.  The  mercury  source  w as  provided  by  passing  hydrogen  over 
mercury  which  was  held  at  300  :C. 


The  main  reactor  tube  was  51  mm  diameter  and  used  a  25  x  25  x  60  mm 
RF-heated  graphite  susceptor  placed  6  cm  from  the  Inlet.  Susceptor  tempera¬ 
ture  was  monitored  by  means  of  a  quartz-sheathed  Type  K  thermocouple  In  a 
6.5  mm  hole  In  the  rear  of  the  susceptor.  The  tube  wall  In  front  of  the 
susceptor  was  heated  to  prevent  mercury  condensation.  A  temperature  of  200 
-  250 °C  was  used  for  this  purpose. 

2 

Substrates  used  for  epitaxial  deposition  were  (100)  CdTe  wafers 
4  mm  x  4  mm  In  size,  mlsorlented  3°  towards  the  (110)  direction,  and 
polished  on  one  face.  These  were  first  cleaned  in  organic  solvents,  after 
which  about  20  microns  was  etched  off  in  a  2%  Br-methanol  solution  to  result 
In  highly  polished  surfaces. 

Growth  runs  were  made  at  substrate  temperatures  from  400  -  43ff  C, 
with  the  hydrogen  set  to  1  i/mln.  Once  growth  was  terminated,  the  total 
hydrogen  flow  was  Increased  to  3.2  ?/min  to  facilitate  a  faster  cool  down. 
The  hydrogen  flow  was  maintained  until  the  susceptor  reached  150“C,  from 
which  point  onwards  nitrogen  gas  was  used  to  purge  the  system.  The  samples 
were  removed  from  the  system  when  the  susceptor  temperature  fell  below  10(T 
C. 

The  thickness  of  the  deposited  layer  was  measured  g  ra  v  1  met  r  ic  a  1 1  y  . 
Both  the  composition-dependent  specific  gravity,  as  well  as  growth  on  sample 
edges,  were  taken  Into  account  for  this  computation.  In  some  cases. 


(2) 


Two-Six  Incorporated,  Saxonburg,  Pennsylvania  16056 


thickness  was  verified  by  scribing  the  substrates  and  then  observing  with 
the  aid  of  a  scanning  electron  microscope.  No  separate  etching  was  neces¬ 
sary  to  delineate  the  Interface. 

The  composition  of  the  deposited  layers  was  determined  by  from  a  plot 

2 

of  a  vs  photon  energy.  A  Perkln-Elmer  Model  298  double-beam  spectro¬ 
photometer  with  a  CdTe  wafer  In  the  reference  beam  was  used  for  this 
purpose.  Layer  thicknesses  were  In  the  3-5  urn  range.  Electrical  measure¬ 
ments  were  made  by  the  van  der  Pauw  technique#  on  a  clover  leaf  pattern 
which  was  delineated  In  the  epitaxial  layer.  Ohmic  contacts  were  made  to 
these  layers  by  means  of  Indium  solder. 

Results  and  Discussion 

Initial  runs  were  made  over  a  wide  range  of  reactor  conditions  In 
order  to  establish  the  conditions  for  the  growth  of  good  epitaxial  layers. 
From  these.  It  was  found  that  the  composition  of  the  epitaxial  layer  was 
primarily  determined  by  the  DMCd  flux  In  the  gas  phase,  and  secondarily  by 
the  partial  pressures  of  CETe  and  mercury,  for  the  growth  of  Hg  ^Cd  ^ e • 

Material  with  this  composition  was  obtained  at  415 'C  when  the  partial  pres¬ 
sure  of  mercury  was  0.04  atms,  the  partial  pressure  of  CETe  was 

2.5  x  10  3  atms  and  the  partial  pressure  of  DMCd  was  5  x  10  3  atms.  A  total 
hydrogen  flow  of  1  i/mln  was  used  In  conjunction  with  these  growth 
conditions.  The  wall  temperature  was  generally  kept  at  around  230  C;  this 
temperature  was  chosen  to  prevent  mercury  condensation  on  the  wall  In  front 


of  the  susceptor. 


:  CdTe  substrates  with  (100)  and  (100)  3  ■*  (110)  orienta¬ 


tion  were  used  to  Investigate  the  optimum  orientation  for  the  growth  of 
HgCdTe.  Mirror  shiny  layers  could  be  obtained  on  all  (100)  3d  ~  (110) 
oriented  CdTe  substrates*  for  Hg^^Cd^Te  layer  with  0.15  2  x  <  0.5.  Growth 

on  (100)  oriented  substrates  resulted  In  non-specular  layers  with  a  high 
density  of  hillocks.  Consequently*  all  further  work  was  confined  to  mls- 
orlented  substrates. 

The  composition  of  the  layer  was  found  to  have  strong  Influence  on 
the  growth  morphology.  This  Is  Illustrated  In  Fig.  1  where  the  morphology 
of  HgCdTe  layers  of  different  compositions  are  shown.  Figure  1(a)  shows  the 
layer  morphology  cf  HgTe*  which  reveals  large  Irregular  steps  with  a  very 
rough*  hazy  looking  surface.  A  small  addition  of  CdTe  dramatically  Improves 
the  surface  morphology*  as  seen  In  Fig.  1(b).  Here*  Hg^_xCdxTe  with  a 

composition  x  =  0.06  had  steps  which  are  much  closer  together  but  are  still 
clearly  visible.  As  the  CdTe  fraction  In  the  layer  Is  increased  further, 
(beyond  x  2  0*15),  these  steps  are  mostly  annihilated  resulting  In  specular 
surfaces*  as  shown  In  Fig.  1(c).  The  reason  for  this  rapid  Improvement  In 
surface  morphology  can  be  explained  as  follows  (1).  In  the  absence  of  Cd* 
cnee  a  nucleating  site  Is  formed*  further  nucleaticn  In  the  vicinity  of  this 
site  is  unlikely  due  to  the  weak  bond  strength  between  Hg  and  Te  (  s  13 
kcal/mole).  Any  adsorbed  mercury  will  probably  diffuse  along  the  surface 
until  it  reaches  a  growth  step.  The  presence  of  Cd  will  increase  the  den¬ 
sity  of  nucleating  sites  because  of  the  stronger  bend  strength  between  Cd 
and  Te  (  =23  kcal/mole).  Hence*  the  nucleating  sites  will  coalesce  together 
to  result  In  smooth  surface  morphology. 


of  HgTe  at  higher  temperature.  This  will  cause  a  reduction  In  the  composi¬ 
tion  x  of  the  layer  with  temperature  as  seen  In  Fig.  3.  Excellent  control 
of  the  susceptor  temperature  was  found  to  be  critical  In  obtaining  unifor¬ 
mity  In  composition#  both  across  the  wafer  and  as  a  function  of  the  layer 
thickness.  The  composition  variation  x  across  the  wafer  was  determined 
using  energy  dispersion  X-ray  analysis  and  was  found  to  be  x  «  0.01. 


Mobility  and  Hall  Coefficient;  The  variation  in  the  Hall  mobility  was 
examined  over  a  temperature  range  of  10  K  to  300  K  and  for  a  magnetic  field 
strength  of  2.1  kG  for  Hg^^Cd^Te  samples  with  x<0.3.  Good  ohmic  behavior 

ever  the  full  temperature  range  was  achieved  by  the  use  of  Indium  contacts 
for  this  range  of  composition. 

The  effects  of  temperature  on  the  mobility  for  three  n-type  samples 
are  shown  In  Fig.  4.  These  samples  were  obtained  by  keeping  the  mercury 
partial  pressure  unchanged  during  cool  down  to  100 'C.  These  results  are 
representative  of  extrinsic  n-type  samples.  Since  the  electron  mobility  Is 
much  higher  than  the  hole  mobility  for  these  layers#  the  values  given  at  all 
temperatures  can  be  taken  as  the  electron  mobility#  even  though  the  material 
Is  Intrinsic  at  higher  temperatures.  The  rapid  fall  of  the  electron 
mobility  at  temperatures  above  approximately  100  K  results  from  the 


dominance  of  lattice  scattering  mechanisms.  The  slight  fall  In  electron 
mobility  at  low  temperature  <10-50  K)  can  best  be  explained  by  taking 

Ionized  Impurity  scattering  effects  Into  account  (11).  The  effects  of  these 
two  scattering  mechanisms  result  In  a  maximum  In  the  mobility  characteristic 
at  around  60  K.  The  mobility  of  these  samples  fell  by  only  about  7%  when 
the  applied  magnetic  field  was  Increased  from  2.1  KG  to  4.5  KG#  thus  con¬ 
firming  that  the  material  Is  truly  extrinsic. 

The  Hall  coefficient  versus  temperature  for  these  three  samples  Is 

plotted  In  Fig.  5.  This  coefficient  Is  negative  at'low  temperatures 
(because  an  excess  of  donors  dominate  extrinsic  conduction)#  and  remains 
negative  In  the  Intrinsic  range  at  higher  temperatures  (because  the  electron 
mobility  Is  greater  than  the  hole  mobility). 

No  carrier  freeze-out  Into  discrete  impurity  levels  was  observed  even 
up  to  10  K.  This  behavior  Is  consistent  with  the  very  low  effective  mass  of 
conduction  band  electrons;  as  a  consequence  the  donor  level  Is  merged  Into 
the  conduction  band  so  that  the  electron  concentration  remains  constant  at 
all  temperatures  (12).  Extrinsic  electron  concentrations  were  calculated 

from  the  low  temperature  Hall  coefficient  assuming  n  =  (q  R  )  *,  and  were 
In  the  range  1  -  5  x  10^  cm 

The  effect  of  composition  on  the  Hall  coefficient  is  also  seen  from 
the  three  curves  of  Fig  5.  For  the  sample  with  composition  x  =  0.19.  the 
Hall  coefficient  shows  Intrinsic  behavior  over  a  wide  temperature  range 
above  50  K  whereas  for  samples  with  x  =  0.25#  the  Intrinsic  region  in  the 
Hall  coefficient  is  present  above  approximately  100  K.  Below  ICO  K,  the  R 


shows  extrinsic  behavior  and  has  a  constant  value  of  6600  cm  /C.  For 


samples  with  composition  x  below  0.17,  which  have  zero  or  negative  bandgap, 
no  extrinsic  region  In  the  Hall  coefficient  Is  observed  and  the  value 

will  continue  to  Increase  down  to  the  lowest  temperatures.  For  the  example 
shown  with  x  =  0.16,  extrinsic  behavior  Is  not  observed,  even  at  13  K. 

P-type  layers  were  obtained  when  the  samples  were  removed  from  the 
reactor.  Into  air,  upon  reaching  350°C.  If  residual  Impurities  are  not 
dominant,  this  should  result  In  p-type  layers,  as  obtained  here  [131.  The 
hole  mobility  and  Hall  coefficient  versus  temperature  curves  for  two  p-type 
Hg^  gCdp  samples  are  shown  In  Figs.  6  and  7  respectively.  Sample  A 

shows  normal  p-type  behavior.  Here,  the  Hall  coefficient  is  negative  at 
higher  temperatures  because  the  material  Is  Intrinsic  and  the  electron 
mobility  Is  higher  than  the  hole  mobility.  The  change  over  from  negative  to 
positive  Hall  coefficient  takes  place  at  about  50  K.  The  hole  mobility  Is 

2 

about  600  cm  /V-sec  at  15  K  which  is  the  typical  value  reported  for  lightly 
doped  Hg0  gCd^  samples  (14).  The  p-type  carrier  concentration  Is  about 

16  —  3 

1  x  10  cm  which  is  obtained  from  the  Hall  coefficient  at  low 
temperature.  No  clear  extrinsic  region  In  the  Hall  coefficient  is  seen, 
probably  because  the  extrinsic  region  and  the  region  at  wh''ch  RH  reverses 

sign  overlap. 

The  situation  Is  somewhat  different,  however,  for  sample  B  which 
shows  anomalous  behavior.  Here,  the  Hall  coefficient  dees  net  reverse  sign 
at  low  temperature,  but  remains  negative  and  low.  A  rapid  rise  in  the 
resistivity  Is  often  observed  In  samples  of  this  type  at  lew  temperature. 
One  explanation  for  this  behavior  ,  at  least  qualitatively,  is  that  a  sur¬ 
face  oxide  Is  produced  during  the  cool  down  phase,  resulting  In  an  n-type 
surface  Inversion  layer  on  the  p-type  epitaxial  film  (15,16).  This  can 


[#] 


I  c 

I 


t 


i 


effectively  Isolate  the  bulk  of  the  film  from  the  external  Hall  and  resis¬ 
tivity  probes  at  low  temperature.  Hence/  low  temperature  electrical 
measurements  will  give  the  mobility  and  carrier  concentration  of  this  Inver¬ 
sion  layer  rather  than  the  electrical  properties  of  the  p-type  epitaxial 
film. 

An  alternate  possibility  Is  that  the  epitaxial  film  Is  graded  In 
carrier  concentration/  being  n-type  at  the  surface  and  Increasingly  p-type 
with  depth.  This  may  come  about  because  the  sample  Is  cooled  down  to  35tf  C 
In  a  mercury  rich  ambient/  resulting  in  an  n-type  surface/  whereas  the  bulk 
of  the  layer  may  remain  p-type  because  of  the  presence  of  mercury  vacancies. 
This  could  cause  a  n-p  junction  to  form  at  lew  temperature  and  result  In  the 
electrical  characteristic  described  here. 

Electrical  anomalies  of  this  type  have  been  reported  for  HgCaTe 
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samples  having  hole  concentration  less  than  2  x  10  cm  .  Another  type  of 
anomaly  encountered  In  HgCdTe  Is  the  double  crossover  (17)  where  the  Hall 
coefficient  changes  sign  twice/  going  from  negative  to  positive  and  back  to 
negative  as  the  temperature  Is  reduced  from  300  K  to  4k. 

Conclusions 

Hgi  Cd  Te  layers  have  been  grown  on  mlsoriented  (ICO)  CdTe  sub¬ 
strates  by  OMVPE  using  elemental  mercury.  DETe  and  DMCd.  Their 
characteristics  have  been  studied  at  different  growth  temperatures.  The 
morphology  of  the  layers  with  various  composition  was  presented.  It  was 
found  that  specular  surfaces  could  be  obtained  for  layers  with  composition 
x  0.15.  The  electrical  characteristics  of  the  layers  were  studied  over  the 
temperature  range  10  K  to  300  K.  Measurements  of  these  layers  show  that 


m 


their  properties  are  comparable  to  the  best  bulk  and  epitaxial  [2]  material 
which  can  be  obtained  today. 
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FIGURES 


Figure  1:  Optical  micrographs  of  Hg^^Cd^Te  epitaxial  layers  of  three 

different  compositions  (a)  x  =  0  (b)  x  =  0.06  (c)  x  =  0.2. 

The  markers  are  25  m  long. 

Figure  2:  Growth  rate  of  Hg^_xCdxTe  layer  versus  susceptor  temperature. 
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PHg  =  0.04  atm,  =  4  x  10  atm,  =  2.5  x  10  atm  and 

total  flow  =  1  z/mln. 

Figure  3:  Variation  In  the  composition  x  as  a  function  of  the  susceptor 

temperature,  for  the  same  reactor  conditions  as  shown  In  Figure 

2. 

Figure  4:  Variation  of  Hall  mobility  with  temperature  for  three  n-type 

Hg^_xCdxTe  layers. 

Figure  5:  The  variation  of  Hall-coefficient  RH  with  reciprocal  temperature 

for  the  samples  of  Figure  4. 

Figure  6:  the  Hall  mobility  as  a  function  of  temperature  for  two  p-type 

Hg^_xCdxTe  layers.  Nominal  composition  x  =  0.2. 

Figure  7:  The  Hal  1 -coef f 1c lent  as  a  function  of  reciprocal  temperatures 


for  the  samples  of  Figure  6. 
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ABSTRACT 


This  paper  presents  some  experimental  resnlts  to  explain  mechanisms 
involved  in  the  growth  of  CdTe  by  organometal 1 ic  vapor  phase  epitaxy 
(OMVPE).  A  pyrolysis  study  of  d ime t hy 1 c adm ium  (DMCd)  was  conducted  in  an 
OMVPE  reactor,  in  the  temperature  range  230  to  400° C.  It  was  found  that 
dimethylcadminm  decomposes  above  approximately  230° C  and  the  reaction  is 
heterogeneous  from  230  to  375° C.  CdTe  growth  was  also  studied  over  a  range 
of  temperature  from  300  to  375° C  and  for  various  reactor  parameters.  In  all 
cases,  the  CdTe  deposition  rate  was  found  to  be  closely  related  to  the 
decomposition  of  dimethylcadminm.  A  model  is  presented  to  explain  the  CdTe 
growth  at  low  temperatures  where  d ie t hy ltel lur ide  is  very  stable  of  itself. 
CdTe  growth,  using  diethyltelluride  and  elemental  cadmium,  was  demonstrated, 
and  supports  this  model.  The  growth  rate  of  CdTe  was  studied  as  a  function 
of  the  partial  pressure  of  DMCd  and  DETe,  and  the  results  explained  in  light 


of  this  growth  model. 


1.  INTRODUCTION 


There  is  considerable  interest  (1-6)  in  the  growth  of  CdTe  films,  by 
organome t al 1 ic  vapor  phase  epitaxy  (OMVPE),  on  a  variety  of  substrates. 
Recently,  the  growth  of  high  quality  material  has  been  reported  by  this 
process.  This  study  is  an  attempt  to  increase  our  understanding  of  the 
reaction  mechanisms  involved  during  the  epitaxial  growth  of  this 
semiconductor.  The  study  is  restricted  to  the  growth  of  CdTe  by  the 
pyrolysis  of  d ime thy lcadmium  (DMCd)  and  diethyltelluride  (DETe),  a  commonly 
used  approach  for  the  OMVPE  of  CdTe  today. 

The  pyrolysis  of  DMCd  has  been  studied  previously  in  a  static  system 
by  Laurie  and  Long  (7),  at  temperatures  below  300°C.  They  proposed  that 
the  removal  of  the  first  methyl  radical  is  the  rate  determining  step,  the 
second  methyl  radical  detaching  itself  immediately  after  removal  of  the 
first.  From  experiments  with  various  surface  to  volume  ratios,  it  was 
concluded  that  the  pyrolysis  is  partly  heterogeneous  and  partly  homogeneous. 
The  energy  required  for  the  removal  of  the  first  methyl  radical  was  found  to 
be  43.5  +  1.2  Kcal/mole,  whereas  that  for  the  removal  of  the  second  methyl 
radical  was  calculated  to  be  21,4  +  4  Kcal/mole.  Similar  studies  were 
conducted  by  Price  and  Trotman-Dickerson  (8)  in  a  flowing  system  with 
toluene  as  the  carrier  gas  in  the  temperature  range  469-571°C.  They  also 
found  similar  values  for  the  energy  required  for  the  removal  of  the  first 
and  second  methyl  group  from  DMCd  molecule.  In  addition,  they  found  that 
the  decomposition  was  homogeneous  over  this  range  of  temperatures.  Although 
these  studies  represent  a  good  starting  point,  the  information  is  of  limited 
value  here  because  of  the  presence  of  the  other  reactants  and  also  because 
of  the  presence  of  large  amounts  of  hydrogen  during  the  OMVPE  of  CdTe. 
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A  more  relevant  study  of  the  pyrolysis  of  DMCd  and  DETe  using 
hydrogen  as  the  carrier  gas  has  been  reported  by  Mullin  et  al.,  (2).  They 
carried  out  the  pyrolysis  by  diluting  the  alkyl  vapors  in  hydrogen  before 
feeding  them  into  a  heated  silica  tube.  Their  study  showed  that  DMCd  is 
relatively  unstable  and  its  decomposition  takes  place  above  about  300°C.  On 
the  other  hand,  little  or  no  decomposition  of  DETe  was  observed  below  380°C. 

Quite  different  results  were  obtained  when  DMCd  and  DETe  were 
simultaneously  introduced  into  the  system.  Now,  a  much  higher  percentage  of 
decomposition  was  observed  for  the  DETe.  Also,  an  appreciable  growth  rate 
of  CdTe  was  observed,  even  at  350° C  where  DETe  was  found  to  be  very  stable 
(2).  They  have  proposed  that  DMCd  and  DETe  may  react  to  form  adducts  or 
complexes  which  can  decompose  at  these  lower  temperatures,  to  lead  to  the 
formation  of  CdTe  (9). 

In  a  recent  paper,  Mullin  et  al.,  (10)  had  cast  some  doubt  whether 
adduct  formation  actually  takes  place  in  DMCd/DETe  systems.  Their 
observation  was  based  on  the  work  of  Czerniak  and  Easton  (11)  who  conducted 

a  study  of  the  pyrolysis  of  DMCd  and  DETe  by  in-situ  gas  sampling  and 

analysis  using  a  quadrupole  mass  spectrometer.  Their  study  showed  that  the 
thermal  decomposition  of  DMCd  alone  occurred  in  the  range  200  -  300  C 
whereas  DETe  decomposed  only  above  410°C.  The  percentage  decomposition 
versus  temperature  curve  of  DETe  was  shifted  down  by  100°C  in  the  presence 

of  DMCd.  In  addition,  the  onset  of  decomposition  of  DETe  fell  by  about  50°C 

in  the  presence  of  Te  deposits,  suggesting  that  the  DETe  decomposition  is 
auto-catalyzed.  No  change  in  the  decomposition  behavior  of  DETe  was 
observed  if  the  reactor  tube  was  previously  coated  with  Cd .  Finally,  they 
found  no  evidence  of  adducts  (or  their  fractions)  in  the  reaction  chamber. 


Kuznetsov,  et  al.,  (12)  studied  the  growth  of  CdTe  using  (CE^jCd  and 

(CB^)^Te  in  a  hot  wall  reactor.  Growth  of  CdTe  was  found  to  occur  in  the 

range  200  -  400  C,  where  (CH^^Te  does  not  decompose  by  itself  (13).  They 

proposed  that  (CH^^Cd  decomposes  into  Cd(CH^)  which  reacts  with  (CH^^Te* 

probably  forming  unstable  complexes  of  the  type  [(CH^JCd  .  Te(CHj)],  which 

decomposes  with  the  formation  of  CdTe.  However,  no  experimental  studies 
were  done  to  establish  that  complex  formation  indeed  took  place. 

In  this  paper,  we  propose  an  alternate  model  to  explain  the  CdTe 
growth  process.  Experimental  results  are  presented  which  support  our  model, 
and  should  be  useful  in  better  understanding  the  actual  reaction  mechanism 
involved  in  the  growth  process. 

2 .  EXPERIMENTAL 

The  experimental  system  used  for  this  study  is  a  conventional  OMVPE 
reactor,  of  the  type  used  for  the  growth  of  HgCdTo,  which  has  been  described 
previously  (14).  The  reaction  chamber  of  this  system  consists  of  a  51  mm 
I.D.  horizontal  quartz  tube,  with  10  cm  long  clam-shell  heater  in  front  of 
an  r.f.  heated  susceptor.  The  radial  uniformity  of  the  clam-shell  heater 
was  measured  to  be  +  23C.  Palladium  purified  hydrogen  was  used  as  the 
carrier  gas,  and  d ime thylcadmium  and  d ie thy 1 t e 1 1 ur ide  as  the  organome tal 1 ic 
source  chemicals.  Single  crystal  sapphire  substrates  were  used  for  this 

2 

study.  These  were  of  large  area  (2  cm  )  to  minimize  experimental  error  in 
the  growth  data,  which  was  based  on  weight  measurements. 


3.  RESULTS  AND  DISCUSSION 


(i)  Decomposition  of  DMCd :  A  decomposition  study  was  carried  out  by 
introducing  DMCd  vapor  diluted  in  hydrogen  into  the  reactor.  A  series  of 
experiments  were  conducted  with  reactor  wall  temperatures  ranging  from  230  - 
400°C.  The  total  flow  was  kept  at  500  m?,/min  and  the  partial  pressure  of 

DMCd  was  kept  at  2  x  10  ^  atms  for  all  these  experiments.  The  susceptor  was 
not  heated  for  these  experiments.  However,  its  temperature  was  monitored, 
and  found  to  be  under  150°C  for  all  the  runs.  A  large  area  sapphire 
substrate  was  placed  on  this  susceptor  and  the  amount  of  deposit  was 
measured  for  each  experiment.  The  material  deposited  was  a  conducting  film 
of  cadmium,  as  verified  by  Energy  Dispersive  X-Ray  Spectroscopy  (EDXS) . 

Figure  1  shows  the  amount  of  Cd  deposited  as  a  function  of  reactor 
wall  temperature  over  the  275-400°C  range.  It  can  be  assumed  here  that  this 
amount  is  a  constant  fraction  of  the  total  amount  of  DMCd  decomposed,  since 
careful  attention  was  placed  to  susceptor  design  in  order  to  minimize  back- 
flow  in  the  reactor.  A  discontinuous  film  was  obtained  at  reactor  wall 
temperatures  below  275°C,  so  that  weight  measurement  could  not  be 
interpreted  with  accuracyp  hence  these  data  are  not  shown.  However,  it 
should  be  noted  that  the  discontinuous  film  was  also  of  cadmium,  and  growth 
was  observed  even  at  temperatures  as  low  as  230° C. 

We  note  from  Fig.  1  that  the  deposition  of  Cd  was  higher  than 
expected  at  the  wall  temperature  of  400°C.  This  may  be  caused  by 
turbulence,  which  could  result  in  the  onset  of  homogeneous  decomposition,  ir 
addition  to  heterogeneous  decomposition.  We  also  note  the  formation  of 
small  amounts  of  black  deposits  at  400° C.  These  did  not  dissolve  in 
concentrated  HC1  as  does  cadmium.  It  is  highly  probable  that  DMCd  may 


polymerize  at  this  temperature  to  give  rise  to  these  deposits  (8).  However, 
their  exact  nature  is  unclear  at  the  present  time. 

A  decomposition  study  of  DMCd  was  also  made  with  the  reactor  wall 
kept  at  room  temperature,  and  the  susceptor  temperature  varied  from  230  - 
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360°C.  The  partial  pressure  of  DMCd  was  kept  in  the  2-20  x  10  atm.  range 
for  these  experiments.  In  all  cases,  no  deposit  was  observed  on  sapphire 
substrates  placed  on  the  susceptor,  although  cadmium  deposition  was  observed 
on  the  reactor  wall  in  the  cooler  regions  downstream  in  every  case. 

Based  on  this  study,  we  conclude  that  the  decomposition  of  DMCd  is 
heterogenously  catalysed  in  the  temperature  range  studied.  No  gas  phase  Cd 
formation  is  expected,  at  least  below  350°C.  This  conclusion  is  based  on 
the  following  observations: 

(i)  The  activation  energy  for  the  deposition  of  Cd  from  DMCd  was 
found  to  be  20.8  Kcal/mole  from  Fig.  1.  This  is  much  lower 
than  the  dissociation  energy  of  45  Kcal/mole  reported  (8)  for 
the  removal  of  the  first  methyl-carbon  bond.  If  homogeneous 
decomposition  were  dominant,  the  activation  energy  of  the 
decomposition  would  correspond  to  the  breakage  of  the  first 
methyl  bond  (7,8)  since  the  second  methyl  bond  is  known  to 
detach  itself  immediately  after  the  removal  of  the  first. 

(ii)  When  DMCd  vapors  were  passed  over  the  heated  substrate,  no 
deposition  of  Cd  was  observed  even  at  temperatures  as  high  as 
360°C.  The  partial  pressure  of  DMCd  used  was  many  times 
higher  (e.g.,'50  times  at  350aC)  than  the  equilibrium  vapor 
pressure  of  cadmium  over  cadmium  at  all  growth  temperatures. 


If  the  reaction  were  homogeneous  and  an  appreciable  percent  of 
DMCd  were  to  dissociate  (11),  we  would  expect  Cd  deposition  on 
the  heated  substrate.  However,  Cd  deposition  was  only 
observed  on  the  colder  regions  of  the  reactor  tube  downstream. 

The  activation  energy  of  20.8  Kcal/mole  observed  for  Cd  deposition 
closely  agrees  with  the  dissociation  energy  (21  Kcal/mole)  of  the  second 
methyl-carbon  bond.  From  this  observation,  we  conclude  that  dome thylat ion 
of  the  second  methyl  group  is  the  rate  determining  step  and  hence  this  bond 
energy  may  correspond  to  the  activation  energy  for  the  DMCd  decomposition. 
This  assumes  that  the  removal  of  the  first  methyl  gronp  is  very  fast,  in 
this  surface  catalyzed  reaction,  even  though  the  dissociation  energy  for 
this  bond  was  found  to  be  45  Kcal/mole  in  the  earlier  studies.  In  addition, 
the  presence  of  large  amounts  of  hydrogen  can  also  facilitate  the  removal  of 
the  first  methyl  radical.  Alternatively,  the  equivalence  of  these  two 
activation  energies  may  be  just  a  coincidence. 

We  believe  that  the  first  hypothesis  is  more  likely  here.  However, 
this  decomposition  study  should  be  repeated  on  different  surfaces  or  under 
different  reactor  flow  conditions  in  order  to  establish  this  hypothesis. 

(ii)  Effect  of  Temperature  on  CdTe  Deposition:  CdTe  was  deposited 
on  sapphire  substrates  by  introducing  DETe  vapors  into  the  reactor,  in 
addition  to  DMCd.  The  partial  pressures  of  DMCd  and  DETe  both  were  kept  at 
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2  x  10  atms,  and  the  total  flow  at  500  m  i/ain.  For  these  experiments, 
the  reactor  wall  was  always  kept  at  room  temperature. 

Figure  2  shows  the  variation  of  the  amount  of  CdTe  deposit  as  a 
function  of  substrate  temperature.  Here,  the  activation  energy  for  the 
deposition  of  CdTe  was  found  to  be  of  about  22  Kcal/mole  over  the 


temperature  range  investigated.  This  value  agrees  reasonably  closely  with 
the  activation  energy  measured  for  the  deposition  of  Cd.  in  the  experiments 
outlined  earlier.  This  would  imply  that  the  amount  of  CdTe  deposited  is 
determined  by  the  amount  of  DMCd  decomposed  (if  DMCd  is  not  very  much  in 
excess).  It  is  also  seen  that  appreciable  amount  of  CdTe  deposition  was 
observed,  even  at  300°C.  This  agrees  very  well  with  the  findings  of  Mullin 
et  al . 

The  above  experiments  were  repeated  for  various  growth  conditions, 
and  the  results  presented  Fig.  3.  In  all  cases,  the  activation  energy  for 
the  deposition  of  CdTe  at  low  temperatures  (<  350°C)  was  found  to  be~22 
Kcal/mole,  within  experimental  error.  However,  lowering  the  total  flow  rate 
or  the  reactant  partial  pressure  had  a  prononnced  effect  on  the  growth 
behavior  at  higher  temperatures.  For  example,  a  fall  off  in  the  deposition 
rate  is  observed  above  400°C  when  the  total  gas  flow  was  1  ?./min  in  Figure 
3.  This  is  because  of  the  increased  reactant  depletion  on  the  reactor  wall 
in  front  of  the  susceptor.  Increasing  the  gas  velocity  in  the  system,  while 
keeping  reactant  pressures  constant,  resulted  in  eliminating  this  fall  off, 
and  supports  this  observation. 

The  values  reported  in  the  literature  for  the  activation  energy  of 
CdTe  deposition  are  not  in  complete  agreement.  Mullin,  et  al.,  (2)  have 
used  (100)  single  crystal  CdTe  and  observed  a  constant  growth  rate  from 
500°C  down  to  about  360°C,  and  then  a  sharp  fall  off  at  lower  temperatures, 
with  an  activation  energy  of  75  Kcal/mole.  They  have  suggested  that  the 
high  value  observed  here  is  caused  by  the  difficulty  of  nucleating  on  a 
single  crystal  substrate.  Cole  et  al  (15)  have  also  observed  a  similar 
sharp  fall  off  in  the  growth  rate  with  a  decrease  in  temperature,  even 
though  they  used  sapphire  substrates.  Ghandhi  and  Bhat  (4)  have  observed  a 
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value  of  16  Kcal/mole  when  the  growth  was  done  on  InSb  substrates  over  the 
350-400  JC  temperature  range.  However,  in  all  the  above  studies,  the  number 
of  experimental  points  below  360°C  are  too  few  to  make  any  definitive 
j  udgmen  t . 

Kuznetsov,  et  al.,  (12)  have  observed  an  activation  energy  of 
approximately  24  Kcal/mole  for  CdTe  deposition  on  (0001)S  CdS  substrates 
using  (CH^J^Cd  and  (CH^J^Te  in  H^.  They  observed  the  same  value  when  CdSe 

was  grown  on  (lll)GaP  using  (CB^^Cd  end  (CH^J^So  (16).  In  this  work,  which 

was  carried  out  over  the  250  -  480°C  range,  we  have  consistently  observed  a 
value  of  around  22  Kcal/mole  for  temperatures  below  350°C. 

(iii)  CdTe  Growth  Using  DETe  and  Elemental  Cd:  CdTe  growth  was 
carried  out  by  introducing  elemental  Cd  vapor  into  the  reactor,  with  DETe 
as  the  Te  source.  The  growth  was  done  with  the  reactor  wall  and  the 
susceptor  both  kept  at  the  same  temperature.  A  total  flow  of  500  mi/min  was 
used.  The  growth  of  CdTe  was  accomplished  on  both  sapphire  and  cadmium 
telluride  substrates  at  temperatures  ss  low  as  230°C,  where  DETe  is  very 
stable  of  itself.  Infrared  transmission  measurements  have  shown  that  the 
deposits  were  indeed  single  crystal  CdTe.  It  is  seen  from  this  result  that 
the  presence  of  elemental  Cd  enhances  the  decomposition  of  DETe.  Moreover, 
we  have  shown  earlier  that  the  presence  of  DMCd  also  enhances  the 
decomposition  of  DETe. 

(iv).  Growth  Model:  Based  on  the  preceeding  experiments,  we  propose  that 
the  CdTe  deposition  occurs  by  the  following  mechanisms: 

B2 

(CH3)2  Cd  (g)  -  <ca3>2  Cd 


(1) 


(2) 


(CH3)2  Cd‘ 


(ch3)  cd*  +  ce4(g) 


(ch3)  Cd* 


Cd*  +  ch4  (g) 


(3) 


where  represents  adsorbed  molecules. 

If  reaction  (2)  is  fast  compared  to  reaction  (3),  (which  is  possible, 
because  of  its  heterogenous  nature)  the  activation  energy  for  the  Cd 
deposition  would  correspond  to  the  dissociation  energy  of  the  second  methyl- 
carbon  bond. 

In  the  absence  of  any  DETe,  the  decomposed  Cd  may  leave  the  surface, 
because  no  overpressure  of  Cd  is  present  to  prevent  its  evaporation  in  a 
flowing  open  tube  system.  If  DETe  is  present  however,  it  can  be 
physisorbed,  accompanied  by  surface  diffusion.  Now,  the  decomposition  DETe 

• 

can  be  enhanced  by  the  presence  of  Cd  ,  as  follows: 

•  •  H2 

Cd  +  (C2H5}2  T®  -  2C2H6  +  CdTe(s)  (4) 

The  above  reaction  is  probable  because  the  establishment  of  the  Cd-Te 
bond  can  facilitate  the  breaking  of  the  Te-ethyl  bond  of  DETe  molecules 
adsorbed  on  or  near  cadmium.  The  vapor  pressure  of  both  of  the  elements 
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over  CdTe  is  low,  [less  than  10  torr  at  350°C  over  CdTe  (17)),  so  that 
evaporation  of  CdTe  is  not  expected.  However,  the  growth  rate  will  be 


limited  by  the  kinetic  processes  which  determine  the  decomposition  of  DMCd 
and  phys isorpt ion  and  surface  diffusion  of  DETe .  In  the  present  case, 
reaction  (3)  will  be  the  rate  determining  step  below  350°C. 

The  process  described  here,  i.e.,  the  heterogeneous  decomposition  of 
organometallics,  has  been  observed  in  other  systems  as  well.  For  example, 
trimethyl gallium  breaks  down  (18)  on  arsenic  coated  surfaces  at  temperatures 
in  the  vicinity  of  285°C.  In  contrast,  the  decomposition  of 
tr imethylgallium  into  gallium  in  the  absence  of  As  bearing  species  only 
occurs  at  temperatures  above  800° C.  This  observation  also  renders  support 
to  the  above  argument.  The  same  type  of  behavior  was  observed  by  Kuznetsov, 
et  al.  (13),  in  the  growth  of  CdTe  and  CdSe.  In  their  study  of  the  growth 
of  CdTe  using  (CB^)^Cd  and  (CS^J^Te,  it  was  reported  that  the  activation 

energy  for  the  growth  was  25  Kcal/mole  in  the  200  -  300  °C  range.  The 
same  value  was  also  observed  by  these  authors  (15)  in  case  of  CdSe 
deposition,  using  (CH^jCd  and  (CH^^Se.  Both  studies  suggest  that  the 

decomposition  of  the  second  methyl  group  from  the  d ime thylcadmium  is  the 
rate  limiting  step  in  the  growth. 

In  a  mass  spectrometr ic  study  of  DETe  decomposition,  Czemiak  and 
Easton  (11)  did  not  observe  any  difference  whether  the  reactor  wall  were 
pre-coated  with  Cd  or  not.  This  does  not  contradict  our  observation  here 
because  a  pre-coated  reactor  will  become  covered  with  a  monolayer  of  CdTe, 
once  the  DETe  is  introduced.  In  our  case,  there  is  a  steady  supply  of  Cd  so 
that  a  fresh  Cd  surface  is  continually  generated.  Moreover,  using  an 
elemental  Cd  source,  we  have  shown  in  this  work  that. CdTe  can  be  grown  at 
temperatures  as  low  as  230° C,  where  DETe  is  found  to  be  very  stable. 


(iv)  CdTe  Growth  from  DMCd  and  DETe :  We  have  grown  CdTe  on  Al^O^, 


(100)  CdTe,  (100)  GaAs  and  (100)  InSb  substrates,  using  DMCd  and  DETe  as  the 
alkyl  sources.  Essentially,  similar  growth  characteristics  were  noted,  and 
are  illustrated  here  for  the  case  of  CdTe  on  InSb .  Figure  4  shows  the 
effect  of  increasing  the  DETe  flow  rate  on  the  growth  rate  of  CdTe.  For 

-4 

these  experiments,  the  partial  pressure  of  DMCd  (Pnun,)  was  kept  at  1  x  10 

DMCd 


atm.  with  a  total 
The  growth  rate  is 

PDMCd/PDETe  rati° 


flow  of  31  /min.  The  susceptor  temperature  was  360°C. 
sublinear  with  and  finally  saturates  for  a 

of  approximately  6.  One  important  observation  is  that  the 


growth  rate  of  CdTe  continues  to  increase  even  when  P_,__  >  Pn„. . . 

Dble  DMLd 


On  the  other  hand,  the  effect  of  DMCd  on  the  growth  rate  (see  Fig.  5) 
is  different  to  that  of  Fig.  4.  Here,  growth  rate  curves  are  shown  for  two 


different  values  of  pDgTe •  If  is  seen  that  the  CdTe  growth  rate  saturates 


f0r  PDMCd  PDETe ‘ 


The  following  conclusions  can  be  drawn  from  these  data.  First,  the 


growth  rate  is  sublinear  with  both  P-..,,,,  and  P_„_  and  can  be  modelled  using 

UMUi  Dele 


a  Langmuir-Hinshelwood  mechanism  (14,19).  This  suggests  that  the  growth  is 
kinetically  controlled,  even  at  3603C.  However,  the  rate  limiting  step  in 
the  growth  at  this  temperature  is  not  the  decomposition  of  DMCd,  because 
complete  decomposition  to  Cd  is  expected  to  occur  (2,12).  Next,  the 


difference  in  the  growth  behavior  with  P^^  sod  PDETe  sn88ests  that  the 


adsorption  to  desorption  rate  of  DMCd  is  very  high  compared  to  that  of  DETe. 
This  comes  about  because  DMCd  decomposes  into  Cd  and  becomes  chemisorbed 
soon  after  adsorption.  On  the  other  hand  no  such  reaction  occurs  in  case  of 
DETe,  until  DETe  come  in  the  vicinity  of  the  adsorbed  Cd  molecules. 


These  observations  also  support  the  arguments  of  the  proposed  growth 


model . 


CONCLUSION 


The  pyrolysis  of  DMCd  in  hydrogen  was  studied  in  order  to  obtain 
information  about  the  reaction  mechanisms  involved  in  CdTe  growth.  It  was 
found  that  DMCd  decomposed  above  approximately  230s C  and  that  the  reaction 
was  heterogeneous.  CdTe  growth  was  also  studied  over  a  range  of 
temperatures  from  300  C  -  375°C.  Here,  the  CdTe  deposition  rate  was  closely 
related  to  the  decomposition  rate  of  DMCd.  A  model  was  presented  to  explain 
CdTe  growth  at  low  temperatures,  where  DETe  is  known  to  be  stable.  CdTe 
growth  was  also  carried  out  at  230s C  using  DETe  and  elemental  Cd  to  support 
this  model.  The  growth  rate  of  CdTe  was  also  studied  as  a  function  of  P 


and  PDMCd 


p  again  the  result  support  the  above  growth  model. 
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FIGURES 


Figure  1 


Figure  2 


Figure  3 


Q'  PDETe  =  3  X  10"4  PDMCd  =  1  *  10  4  tot#1  flow  = 

1  >-  /m  in . 


O,  Same  as  above,  but  total  flow  =  3  1/min. 


Amount  of  Cd  deposit  in  30  min.  as  a  function  of  reactor  wall 
temperature . 

Amount  of  CdTe  deposit  in  30  min.  as  a  function  of  susceptor 
temperature,  T. 

Amount  of  CdTe  deposit  in  30  min.  as  a  function  of  susceptor 
temperature,  for  various  reactor  conditions: 


Figure  4 


pDMCd  =  3  x  10  4  atm,  pDETe  =  1  x  10  4  atm,  total  flow  = 
1  i.  /  m  in  . 

Growth  rate  of  CdTe  on  InSb  at  36 (f  C,  as  a  function  of  PpEje • 
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p_ =  1  x  10  atmn  total  flow  =  3  .  /rain. 
DMCd 


Figure  5  Growth  rate  of  CdTe  on  InSb  at  360° C,  as  a  function  of  P. 


DMCd ' 


Total  flow  =  3  ;  /min. 


